


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1984 


Development of a field repair technique for 
mini-sandwich Kevlar/epoxy aircraft skin. 


Cripps, David Bruce 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/19257 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


—. 


~ 






















































































































































































































oe te 
Aw waleny wan plas. seth ; 
eee $ Nat artes 8, Wark Bt & ’ SAS - 
‘ eb, 4 q ‘ ' ‘. a 
a 4 t RE are “ati'y ey AS Aig Ae aele nse he lg Aer 
= te Me b Pas 3 )s " , be | we if f aS 
. ee SB Lay 4 Ae ‘ ey: » Pe. so) (ae a Er : ng WA's ye AK 1's 19 va,’ ; ms 
ag oh oth Cy UT HTS, ae ta hf SEA ‘Lara ty rh! ae 8 ita 
, 1 (vee *, A 4% +8 An a eos 7a an Pa Hy Se, CS AR Me yt Pig. Vie oh a } r 
' ' 1 e ’ 5 ‘i ae . 2 “ae ath ven t me ®? i. iit , ars \ STA ac) br " . 
’ oat t i sie Aoi LF aan, wt miylaey q Ste , EA fe. ¥en Rain : 
i "hy . ve * a 
Dee o' : ' a ks , ‘ oars fe 1 vy i “ee " CS i he, a en ? $ ui th TF ‘hy tie Ben 
oe Stee oe AS OOURMR TK ETS ie ee Fars aaa ea Navackeete ac aaee 
i b ’ \, ‘ a y ' ane aL , ‘ Rs ae ue cy ON a a wiAras iffy « “it ae Ba iy wr nas * f OR seth 
a ) t § y she i'l RUT 2 4. : : R 
* ; ¢ eho ” ee: 0 uA “eal Cres We ate eds, sk ¥' wot +4 Jeet eg gt \ hae i ane %) : a 2A te rapes acies Bec TaN 
\ yh : re ie ay ya ee a ed oe aT » NJBTe. nhs ? 
A § > y ity bak +. arr nD tt, ? at fh uo ASTRA bs ae Ph eer ede "> iii Feat mains a + ao ‘4. Pi Pat ey 42400 Why Aeobe 
A . L a er are ay a4) 3 = At ? iy Lee pe Botegey ae Uh ike se ade Nai § oyu J ee a SPN 7 ly ic 
' oe nee prin, wes He pyotoae py We day apts i ’ f ere! ‘ ee yyy meal ioe we es Soe 
- ; ‘ <n aay Ve . sare us . 88 by : om \ Tar 8: Weyer Sat Sa Ae hve heb 
7 4 , ' ‘ VOU ipat oS gi Gite aug ie a ea 1 2 e Ta Cee: Ait op ey oO Gets, > 
ar imcoRs eh Ay Pare ws + res a hn? }. ve ig 4 ya ah 4 NIAAA he yg bat mee *, val »9 a Bm. Mg g 
- : ; : a ate ' A wom RMT ae Ps Pairk aihcuns ' 8 ae ER ate tacdest: 
\ : ' ‘ve Rens "eee Pony ’ Cm sh, wis tg ues wo ; me Why , va me Nee Tx Ss se Wi ’ eT : 
; oe a a j \ )) . : Aka : sy y A ‘ K fee Sadat’ is 
4 ; Os Gan : eo NOt 0 aa a BR Sits . 24V (tds, 4 Arch en Star *eatcas he RANT TERNS reese! igitms nah : a: si mre N ae ‘ho 
. . é ’ Dar a fe'a y a Pe a ret 4. 8 Age nas Bs aor Fes y Ys Aca Da SE eee eb Pte ee ome Fanaa LA . XK, 
| ee RS Me coor eA ees woe ,' tick, tia ye Nhe Ja aye 8 aa ee PATRAS We vn nea Sane 
: : ‘ toa se ak ‘bev Mies year “ah! ‘Yaa he vob aides ow rats ARTE Pe Arty ort th eS 
7 t nan one e avi } : ‘ 2 +. : 'H Salut je. Gt * te a . 5 ¥ ty Lia a Tats, 3, ie wit KG. amy 
1 ee é ‘ as asics ' eee tas Re RS ve an); a 4 ‘ realtek ran 7 rig afi: : abet tales eS sete ie wei wah. ac 
F ‘ ) eae 4 ‘ ’ sept a fs ‘a: . . ¢ My “ Hee? Rs SA Woy i 
' ' “ . 4 A,% ‘| + he y Withd) «ke tl Yard 44 hy ioe ey Wee ay a p 
ne a ; vy ae pee gare Sano 5 A res ¥ od UN say Nat Ry ak aa oa eas tts Sass ; 
. ; A ate se ee ae ‘ wees Sa he 4 <A ee aan DEC wi eA! F ay Yeiewy apis 9 292 - ah fee oe, % sant 
tee Be ie es cae Lt L sf ae su $ oe N it, sh = uy 4 ry a") Sakata nok ht me eg PEL vL 
c a can estas ' we ' . 1g . a » . ohn iis: 
' is eA eee ae 3 , an ; aps ae mS Uae ae A yt ste Re Ne fara htatad at en were. ye pea as8 ; a rey in oe 
' ; s F P A i Wyte : rs, i * ; bet Fi ‘ts vst ee : . we bs. bid berm ag aay ate 7 EV ® ae noe 
ee ea Pe otk le ios ¥ ee aul i Ge 2 ce =, maid" eg 7 Pe a ihty ivr San oe F ie 4 ei a eh Se wnat Ay ean 
‘ A a” ' oi eh ea dokhy a 7 
Aaa bis a oe Surat : mee) ig ote) A v ce acs eat a % whe ry eae pais athe: Sten Tyr Eh ty) Pe se vy caine at Pt i Seige 
; 3 a, ; a SUP mah PP Gt , Wok ao at, W an wats 13, NG WS bed eo. ay Wary kos 
: : : wears , : F : ie ee i Sey Y eA VAs wa hte oe / b ayn ies clas RIB, Were 
; 2 bie me nt No mete ; PT SME eee ee 204 Ay tg 
coe we Ciriani erica Oe. leyacint t i aoe be na it ya Nh woe A i, ») ys f RN A mon ¥ ven ene ak bi treet RRNA <' gui ae Ne ce aah: EAR ose aoe 
a , ma ’ wre sy °% ‘ ae a ie wey ’ PUNE EY eed ys Ae Pom Bar aL abit lags CR Ady Wed be AA He's, | aia ee earkrier eee Rowe 
; ae ‘ — ¥ ak “¢ " Se re k rity ‘ vP Spi Re eet Ye ret att Peas wee ec a yee ald ieee a, ke me 4 Ap ites Rea asf! Rona sare Poa So ); vanes sa tasasee) Df 
. Oita eth woy . > LT x - * Thay v=. * .t Ae @ yet, ‘ oer Gr Foie tars paths % i i oe e - Ll a “is 0 hee 
0 Sanit 5 : ' x * f fame ye a Gace ie UN RN CAD Sih upp ee ulne te, Jey ee Al tea AEBS te Ne bb 4 aes ecb Bes 
1 a ‘ “Gre Un Pa 7 Ae, “de Shh r DAL Pee heass 5 We, te the at ‘+ Y. u' af Pat? ay 6 i ie ON Bees, *e 
7 Oe Ais ’ wee : , aye 4 ue ch aes " ae 4 5 a4 he ¥ > 2 Ns 'y: : "4 ah i wa isi MA aa we St a Rloe re tH Hae bene me none 1 , ary ONS munTy ae oat he Scare he Na ad at 
ti) r oO res Cea ’ ae. & ye tye 1 3! R 2 es. a : 
D msg Mins tp oF ts o¢ ‘ egy’ ; a, OO rary a we FAY Wee ity * ‘ ce 
; ce ; ete 4 oe Bie roe ae . a ' ‘ 2 h Rs ' ‘m7 ve ar + ’ ay Le SD ee Ras uv v4 ae sven Aya" . aa a ‘a teak iy, sss eee tin”? nea, ae Seieianee mete mec ee fe a 
ae 4 ’ 2 pe ‘ x ty eth) fra yes a a » rhs Xf 
’ eee ‘ : ‘ rat Oy a i é a * Thy pte aise a yi ay a its wae eRe Rare 8 Roe whiirad fay my, bee EBT ” past cri rey ie 
; Ee : ‘ ; i er ve Ni hy vu. ot, Mth yn WM OF aS ye & he Wiese e, tam eX 
us, . ' ; $ Ae : AoW Sp usr ea i im atuars a career NALS Wrage) 
' ; ple as ) a Rie YO mae he. 4 yt see “ ae oy eigen Telaitatester ae AM: Ng ae vey “Sh heey dat Weer ried 
aap & Reh ect beers ol Phat aM ae ehh niger tierra edhe hem tek aes 
F i oe we vie ay & 453 Be erga ek oe NAS Omatady the Sans 87 Se PEARS 
: weirs ot Sym a. ae Noa een Te yale ype wv witack EA» “tee bei er Ar be ie Fm AL 
‘ es ye of tees ats ey tyigeey oe 1% MAY 4x A Noe m/s Seay aly NRE * 
' ‘ 2 ons £ ss 'e < vv 
: BERS cia bee Ena im ve & uj ae Sahl Ada! Premmne Wee waly ae: Per loa aby 
' anh ue vy une ef x “ge ‘ah “Sy Ys ue, a add Ny RE Weta et is bab 3g BH 
. ‘ ~ et ey “fe MS % von eons ei eae ROAR. aS acy Wyse anceayys a “es Fm ane yie he 
‘ — ame a Pee MS oh fe ek ate Cee a: *, Ke ch ri ie Sy i sada 9h A ‘oye oe Sagi 
a ' a ‘ ‘ eae ey 73. XN! ee ess Bagh Pokcmaae Led ae oa rt LS a RG! AR we infatiygsy Fae ae men ne Main oe: 
; A ry : he DPS mh Sw iN i " SS ween, x's Spats inh" 3 a’ 7. nee ght aN ie * fain’ oe Na? Fond, doa. 5° 
a 5 er: <e ¢ AA. Re Mia 34 ead v ‘ata a we . sit ae Sete reat aS, aS, Me as ake reae mth eh 
ae he eT ay 4 > a k, ey ah aN Vy te Ay a Mone. mur Het aS HO wv, © Pratrs iaterk + x 
: Ot aE a TPE RS bh Why aT sgt i atone ine ee sant cect ny SERRE ET a Me 
‘ ’ war om ey ‘ &' “4 a: 7) 7 e's Mh Lar | LY L fe 7 ws ws * af tye ag wltow 2 
5 AP ~~. <. UWing ay 1 fae het ey FROME ag fe a [Se ee es Mi : fac ade a 7 eS sat Bit 
' tas ' . yi “ep HAs a say bal as if? by lee ite} Br 5 ee ne ene Wate as Ne. ey Resa anda MeN - poate SS nes 
? AS a tt t's 3 My 3% ah “ 1, ee ismeNs : a A: 
i ane - il 2) eed a bi >» nye st Ch TON fs ye Tee wats ae Nebbaty ‘eee d abe" bed deot. A Rey" Ase me tir ate 
; Fi i 2 a ram yt ten gee “ey Siafeh Pua in Sire: Cee rae ws eet wy wt Re wl. 
7 ; ie | Cm ws Ps : r ° bh 8 
ek : : ' ye ty ied Lae Nine sence “ (Eraduaste ne pe >on se * Kae Pain Sainte ho “7 see hee ane Bee " a 
BS za Ssbae A acre AN bey: Lirantea kr ory west % i oe Bade Ik PS hd ep Be! feae i Tee ks 
: yr Van Sib Ah Ie ORE Minas Mya arele ke attelhle ofa'sgs eh, oa wt = rane ae 
‘ 1 ¥ «usaf h " er rs "ahh 'e a: i ve te : *3¢ Sern ss 
: ' oF pts a yO - whe of a ee: Y> Ougw hg YP mM Kae Bese 2 tye pg e,o! sh 
roe Sas sare * 4 a vais i Yea ce Rah td mae Ni akaeerte: ora! eine Ske ; ve nett 
; n* 4/ ut ass % ee ie Sie eT) 3 
’ 1 ’ ' pea » Mee Aatet iss De ee | Ghee Sie eS ’ As age 
rare Ce) L . ' hi i re As pik at a aril = r] ca 
ae ; am foul Sag ne hel g fay ale Ee 
° . 2 ¥ " v's ne ried “! PS i 4 ia fi x “Puhdeae a r ‘f) insedeei Fi + Hs « - 
' 0 : an A sae baat eV t Apert eet Hs Het, tie te rey Aer he Sa Bere, oe ee 
; ; ; 7 ¢ (3 POO + 
: - = re PCa 4 2 anes cot a Rare SAP Pyne nie = varus ae ic: ee ppt 
aan ol 4 ual "Pate i} fie Asam ash 5! nian % Fe jor nee ay ae “it? ant aces ce 
ec Sty a F Ao z a a Gs eI rea web a boa ied Ree wt, oe f et 3 
A i ' ¢ i Y +4: yr wtb win 4 Sy APA y y t tty: % oa, 
; : : aes ve - ys ay ct ev. Nw ie Mickh een haps 2 bes : 
ce . : ¢ Cone me "= :° 4 \ ete ag 4 “lax PATS 
pe i ‘ : i $ oot oa ae ah rae 408 *. Pees aed rot Ke ; ait =e 
' ‘ * & F. ’ F , F 3 We) AAS ved afar 571)» ote 'nd Be ote tena wt 
os BRS se von gs ear RAL Saad Hes TN 
ct ae) ‘ ' yy alates ty > ATS pee ue he 
“ ' a Macs x idle 1 Mas Lhe sins hay ae Ft a tere 
: ; "a y eyes ah iyigis sy Rafe fits Pia tat Rea thi Stee is 
P ‘ . ae "4 ae Aue as my ev nia eh a iG te Ls peli ‘ ey "fis hip? rie ms Tae VOAE ain Tape : ‘ 
? ; Aree nara a) ss ; ¢ VEX LAS ie ie aa wah, Sines vous % fh tae reriy ve 1 St ary Vegi a 
' oo o¢ "8 : tat He DO a a Foi Sgtyd” CAA oa Ss TE ids, athe, eee ' Pek. Grid Park oe <5 8 A fe PE. 
s : Dy ee at Deed ‘ A y cake A Mia ee p toe gag ee Ata Cree ae: on te a” ie ai i _ * ih 
ij. ae i ’ ye Wee a ike et ay Poe han a at wr re ivy ‘ : 
' - ee f . eee 4 ' rates Sofyee Fy tae Figo fein ma) HOR 
; 4 ar he ae gn ; ni) ig esi a ara ad eee bie 
. ' a reas i ? ; LN Mes Atha ris 
‘ ’ : by ; ., : “ re Fes, Seer +a ie ¥ Al MPP 2 tee : waa” a 
; ; Zz = & y a ‘ 1 oy ait) 2 ¥ Rh ee <7) * 6 baa Re 
‘ Dis | *"* 1 
a Ay at eae He en RAR pt ares 
1 ’ ; : i 4 oF ‘ ‘ a, a ari bg? RP rg? ‘aa ie y . if 
‘ Pan y , oe Bo aa ess : = fe ' : fy te “sy Ms Ap’ Ee bh ea, ‘ ne ‘sa P ES Gee. 3 
- ' ‘ - ; ange PAP eee fh. ther at eee os 
Po Oca, moar i. oe it , Fes Fa bE Cay toe Ca at : Sans PE Nar ee f 
a Liss z ' ; se ra Py ; it , Se » Fae ate ’ BS 1 te ve teats wy i WAG P| J va SS v4 
; i arena ? . oe Nae 2 1 6 ‘Whee 2» mae. 
F . ‘ . hd SP ei fi & 
‘ ' . ‘ : ie it hs re LF 
, ae te ¥ fe iy ss Setanta nee 
r ‘ AD Shares: 
. 
e 
sia 1 
¢ 
. ' 


wi sae ses 




























































































































Ca aed 2 
st Oe x i %S 
h . ¥, 
Lear 4. ehhh “ FaGh oes syhew ¢ 
y mot) See ee, Es few Ca 
Ee Xs Ee i ear, 26 ales: Satis 
Wingief JA Oe loath 
Ue ule ae r we 2 “193, 
ry i rete ead ; bys fag vee By te ie 
* Sa . 
He ly os {pet avs dite 
“s oe FL IN OK AS EE “by > . > 
eer AM et ea 
te Rreeatey OY 2%, os eed ete 
Ms ’ a oh ra, Hs 250077 > sta? ze 
ie y . Med) 
. a ii ERA Fa ely Papi 
> ape Kn py ray &: ft Pig! * 2 
oer ar} we igual ett MW F397 ie aa) i 
A rae. yeh ye Sr ot See 
6 de vy rd 3 Su To 
8 s LB. Waste ‘ 3 fa ast Pi 
ows ier vp Lar oh ao tO) 
ors . oe ree 2) aor ae toy ae ty 
“1 Pep dnb butea cats aft fe ety . > yt 2 VP eee i 
4 LLY uh Ab PS rage ae a 
‘ } e ee * fiat @ ) ” ah * > es ried ers LFF he a, 4 a Lain 
uJ vr : oy ¥ A lo +3, Ln iene Ges ¢? se a, fad rn ean : A Ast y waa’ Mut ec. 
+ Post 7 2 an e ob ace " 12 - eee e soe am. hse OF OO Atgrs Eg a Ak Shi be $3 st tees 
age a a re : weye jos We ‘| fa ear eee "4 eee Bet pe NC Bs tet 
JIG ‘ te 64 a j oe OO ACO ae OP fae sede | < "7 : Me re ine Fe ee die y aes ayn, ah ge raft EIT, * wt AP ie d ie ie Lew, r weet RAE te 
Fe Ree : * ‘ ‘ : Tesh pga Sep 8 i ties ! f Spates: bh erg Ram T: : #8 APPS phere Bs fT, ie ny Ae hy 
a Dace of ‘ a? ’ is ie fhgt -) 5) en or are ca tae ye : ang ae ot a WOR pigs a mae Se yp ye it p piel 19 pay af fy r PSH gy me ye id pS i : we 
t ies U 2 YN BUELL Tn. P reat ve pa tre Cre ee 6 i % Me aa 2 * a waetee Kons an? mas Foe a 5 ‘ sf Leen of Sc kegh re fore np fo og phe A ey 
tae ” a . i Cy A : LTD PEG ao s c pets Rea s 
‘ eneope od ; 4 : a cs Ae) i am ’ is tee : a + ", at dh ‘ u w 7 ae 7 3 sg a of atl Shey “ne ’ Sa cAe e fits Shy Ya an va ead s '¥ org =pat aivroe 
z “EGG é ' tis rs J fis gf, ' , nen ag ‘ a oe eee Fr Boge - he og wt Cae as a) Fors z POF, Het gle a 
4, f le oar oa me Pie ae a ate or oD ee bad + oy mr et ff Pa Pies ae ¥ & o> rise 04 u frm ah i a ro het eae ¥, RS 4 oe Ae ay iW i : BEL 4 a Sige vy pz eee pa ay viety: 
. 2 oe rere ae u ‘ee wie y ag fee - ; ry! ’ ee ee hos. ne gee i ‘ hie he a5'8 4" ms t A My: 3 a ’ frig Aas t. aaa si ats OF BT yt beat 
: f ’ ‘ : thet ‘ : : nie ‘d “ne Bia eer. Bi nF e, 4 ts ml - ad t eee ° ‘ 4 fem ts * " * fi etn’ val Ber iy f tin SPS OF hy t a ark eaheiit a) os 
' ' Tao f ey Deere ; : ie 4 a +S gala 9 +, oh * ai geod : 
or ta ' ’ Ae Yd ted, 9 get evy : 7 Dy Ean cae Wrage a % we Si Fea cites ‘ es 3 : . git ate ry M1 “al 
a ! rant recess Cane ye: pee ie ae 4 Py “= va ate on "YS Hest, abe oa FS Aa a: a a rege hi iat Ai pe y Je save hee ee: ‘4 on. ie Pa tb ane a. 
y ¢ , ‘ ¢ ‘ Sua te CAN See : ‘i 5 Lok aun iO) 0 amp aha ny iy eis alee i eh Z ie heh Bae saptentse ite ts o. Pe 
° ‘ ’ 1 | Tt #4) r Wee | h i t Figg ten 2? EME He Yarden ar a 4 H ‘ 7 at hy. Lae Dp ih elgg Lg Pr Pyutie > f. 8 SPLy ere a ge! 
: ' oe UDI i sare A Cat 17 # ra Reap PED So “pe prane wud Pd Hn § Ae ie a yar2 fi 
Sa ea awe ty ' a.) sees Vee' Was ot ee en a in “ete, he Hy rae at 3. yr . a fous fec bet tote CaS Ht fe tr? AZ i ay eh a priate rg 9 Let ; dare 
tor ‘ 3 ' ma el) ae A (ea eg Y hy Liebe Siem 9ee Ae F ON pe ar ha 8 Sethe ae : eRe J pga re 
' r a : . er “yay 7 T, ea, 7) ce Scale at gt Be ee Z Ly pk 1, pits res me “# 
' ' ' ' ' i > toe of ed M Bete Fog pa } tice”. Foe Ce ts BRE I iia awe s iy s re Ve ae wae ay 
e : we ea AD i ‘ Rte J eae 3 ‘ is nt ot ? a Fa Pr aie “ Se mi, He Mgr y tPA PP pron tae o" Pied GPE! ae ee rig’ eat see oe PP Pl AER G ei esis 
‘ e, : Da : iar 7. fe? err yes 20S aR 0 [PTR | hie we Sea ae z fe BEES 1D Sak SEM ao Se, t G ty, Sk ab , a A ld ate dan vova Se ope 
b Atee : 7 F oY ar) F Sees f  , Wee ote) J ? es Ve Peery ewer EN, Oat Boy pes era Pib,- f Ata > a: tye ented Ried adie ae Pye fe : for ives a ike Ate oe Spd. 
P ; ’ 64a ‘ Ee Saari ae De HF « PIAS RFS He sh Me ty 609 Gd rf 2 * 20nTy GLP Ae forgo 5 bu duee Ce, AG ‘pagiyre rep ¥ 
‘ F “i Rima ee tog \ i ia >: a ie ’ Parse Sar sae rr “iee tae 1 (A el ee ies aro hens Lo" PS § Sh eine he ee hake: ies sey oh gee PF : ree v6 4 ae a 
. oP nen i ’ #o4 ec heals foes CS Ie ; fs F x Poke ie Ws 4. Gadie a oe £73! ; Dane AP te > LA Fon “6 ¥ wage eee wea pen ea ry ES A he Rig nei ryt vy £- 49" 4 re Lbs fe 4 ed tem 
= eo 4 te er , Lt Te) ‘ aiey ‘ ? : ay eae ign rw gi é “he f : se ween on ep Pe S¥. Ween deem rer =, ee 10 Sy (; coven BY 4, b en A rj Hom, 
c 2 as + sia 9 7 <8 be 
ae ’ 1s j ses ae ; - ‘ L edie ae ane PDE eT ok Man aay ee 24.0 Mee yee y hye SAL oy RIN a EE Fah SVE i. Pe Dey ey vy AF shan at oer 
mo 1 ie eee Lae ‘ oy i . Sp Ne e ? : a tri jogs 4 nile! ¢ had aii Pia Ger a | = Lake 7 he] rare ie" tw “AOS B fo Fy eR v te Fehr i pee Pe? >. ne pate] ras ne fee Uprastag? «ta 
t A — A fe aati r ae oh et at Joy. ‘ere aS eign Dig eae oy sagt d?uye At PF oh gained pert eA STP bid ee DB peak of BEA iat I > Bat ‘ ye Meta s 
oe Ae Mes yt ce oof, 5 ’ niaeat nae . oy . 7 ik ‘ Pe pine hee i he pried ‘ ‘aber % ie we OF PAGES © a eae yesh ey oye, HPAL bs poset ate rh its 
4 . : A 4 : 4 : Foss rey : 2 
sea aig eee ries fester _ LO Seyret eo ae ae a i. ; ' Pe he Cre ad see “7 20 E ais pt Mea: yh CAE cL UP eee te pels Rees a 
wa . or’ eee r rf of ' is fs ve ey oe s 
F ; ‘ a ‘ a 1/4). 4 see 7 ; fosr Spd ” ai, wt . Oh eer Heit. + Pe ' * “oh ble Pv PPh ¢ 7} e) pry ace pis Bega tpt oy err Ste ‘Waad yl 2 
' ’ t) a ao : oo. ae ca aa ee a ee eae o sy ergy 5 eK it 2 tH oars oF a3 1 ve ttAt ¥3 eee pil TING 
' ’ Core ark : iC ite en tere al json 4 a) Rae noe a: : wire ge Fat oh potty ion ap ARE ie Ave d fe 
: i 8 49S SES J a inns cad eo ne a é aid Rieehne Pers er! Ws : ee Parad Sy Gp sity wis fe UP ees i Aare oh ef ca Wy 
‘ ’ ' ‘ F (cama ea) a Ee Wyo) 6 ig off be, astm wie ws Se Pairs is inte pe “ade Ne Sets ese 
im rs . he % 2 fren ons fei fet , wn ’ ‘e/' * "hh emmy wy Ff, 2 i Fr . “ARG re Ps! techy Sbep a fh" ars ms ties # . hg ee: : 
‘ \ : 1 ' fre en 4 #2 ete z e ¢ ht 3 928 we, ody ay 8 3 Ct 7h ae ee eT x vb ad dy f rod s 
ad 4 as Pach Teele ars Se veer rer Kh os a sh baw ya Wie $ fs had de fas "daa vs Fibs 5 is # ; aes eis Fabiola 2 ncednd? 
. 7 P oats 3 5 ere y ie p feyprs ts = ie fe tie 863 OF Ub ‘ie s ‘ Apt! Ye BAe ey topo, F nee oe . eit Lang vad a ie ere oh Ea gh ot lg 
‘ ty? aed ‘ 4 ’ tee 5 3 D f t Meg 4 . 7. 3 OF ee 5 F, 4 ¥- Say ‘é 
u 6 ae si ey gars ee es ref iat fea EE ie ee ts doves ii We eb res ai ‘waent gee bei pha i ‘le ee:  nekcite vt aes 2 le ashe pi ts petals mae er ot ey 
i : are “3 fe fare rid 146 diate? mrs ee eae Ae | Car nce Gospel edie 1¥Er' 9 0F ay eae abe > ae WP ire es pga Latp ae be Pot bys Se AE “45 Pits fi y seta ae) eis a Roe woes edt hehe T 
rae) 8 ' ** $02) 0 ' oy. aN ft we 6S ren : pe, Se Ai en > i pithe s 1 # 2 fw e ¢ , fo 78 258, pe oy eh eer 
. el ' 7 sre Tn eee é ca ae, 4) ane 7 a ad a Ne Stop ore J wy ¥ Po, rc 4 
; cL eer: . Lc se at — Sil al : oes ree Spite peruse bl eiateee ., ‘@ ine Ae hee pops ei \ ” val we in yg i shige ped: ey ia cesta tet Apa 9 rio? m3 ate Cotinteey hegs 7 ce Piet Beata ee 
; ; ; ‘ : a eae See ea aay aes We noe Roa ep > wre? vat he v5" bya Se. eres phy ie pare oe eS Fe 4 Or elt ad tage wey te! 
FOS a: k vs : ad Deke Aieeas ie ae cack é ae ahs aa -¥ t - + pe ae ot anes Po pee 1m meee iad” Brae ae Out WH 89 ° ba a orate 2 f wei JE ee Eee mae tis ene y 
. . ay . “dil . b Dat he py cy i, . ‘ 
, f ee any - ars s Gat ie 3 , ; : ae he G0 4 Te Oe ae «< a a a i oo 2. 4 'e a i ot # oe d rey Siteene wae ae 4. senate se eee: ae peta 
‘ % of ET Gy & re = Cee 7 96 Lol) Hen”, ate anes Dad tee aaa ae 2 Woae ong 
oe 4.6 Pa , va FS vue Fis i t ae on . = 38 ‘ 4 epil’y Ree ieee oy 2% Tans § eye w MAG As , be 
bi i ry . See fee ® fs . . bea ee Lr #¥* 0454 w 
' i 3 oe i ‘we {OG 21, ip. meek "a a up 8 e tw a oe ia 
. . 
a ‘ ioe Poe ey ee » @)5, 
‘ ea Pi lat anh Neer 2 
’ F 


of 2 
tele Cae 
Heb pits AK eK Wi ae 8. sige res gf, 8,3 
6< ' 
Fy . vane 
14 Aree el he vant egal zh 4 
z ae pet ere | 
coat rae | t at ‘ 
bey 1 ae ‘ t 
' 44 t a 1 

































































Hs Sane aed 
van) FBG Fe. i's cntis ana ee es Rec er 
ia eer Y: 1 ae i gia esp poe ced tee itera 
* OGG FP LAN BESTT atid & Pe ¢ ! Zs 3 Post ed eva im ef fey Oped abet gs « py 
im, pas, } ui 2 rite teat’ AF ponchos eee ot ie vi TRY f: t pew (athe a ete pests bie ine ‘ 4 te PY ne! 
“3 ra ary Pie § Was. of | wes Bane Wises Pesuem ai" pdt TE Ry, a .%. SPU OY, te IS oF pee aye ed 34 bof pte vee . 
ae id titty Wr bog ple vaya ms fy \ “eM ee e Py aed A ie fe, er PK, ta iw fo ye tee a) 
Ree) Sang F ve ho. Bt i Re ae tbe, it gtate ty"by gig ees ete ey he ies vata s air thw kOe a 359 ee te po A PRE ie fetes Maiev a re Pt Apes on re 
- Ce Se Oi iy ) . ‘ Seige aww ale ‘ +0 f ine ee Wha eat ates" > ip Fee Whi Sr Se pela Pg ih de, ihe si ore sey F eee a en a opt Ay ‘ ps 
Cea Gee tn i eet. pee 2 SAY tat (ar) ' ore ayo te thoy qn € Ay Pet Oy wR EH Ae, le cal 3 Seoul itehe aie F.0'en 3 ee cers A Petia mea 
: : . te tetibia ’ se = ge A PP clicth G2 & aad 4 res ety BOE 9H wy CAT FS Z “hear 7 ws eR als ; he ys fi Se ep ye ey yies a By dee his fe sy AF 1h als ee 
ae er a $. Rote ‘ oe rT, A ne fa = a bs ‘ an oe ww Fete at + ie err ange. Re ‘to sel Tae :! a RAR RAAT We tt. yids aerate ar iei a is Pad. ray oe 
ah. ‘ <2 aol ‘ ; re rh a ee tae tede aw pe iy of TEFS Soe OLA TON" ere Ppe nave ey elaewris et ahs f eny 
é . ‘ © t "eeal atte - ' ts cel Wet wt e 3 a 2 i ¥ 1,-f@ »~ a Ag y fi + 66 IS pw a Mie ad hae d ° eae a a res Pe beh H ah ot we eg Sadat ear cosa 
woe 1 & rr ' . ’ m ' » whine H rs i Genie? nee 2. A &y A 554 ane A, Ah rte IR ed I; me hae inal el: 198 fd py al hqtion ne h} < 
ts , ' ae , 4 ts traits re " t eat : ue :. “e fi # = aN 1anre. ere or fee is ty of ay ie a a ve fe ine, pea ABE eee oy eae ay. PPS dig rita ao in ie ae wt ie Fr oH Ed He wee Se 
eT ee so: 0 es es Pe ret YEAR MR mex A vr a Pe EAE hoe Sor a deni tet ie rota HS Rael IAN ESN ak 
e.. ee ae eS ae Pie Oi Bred Waa! gt ane SAWN ELEY ML TS Foe Ca eee gf vey wleaget Pas ct pa ada ee A haa ml ha 
4 o¢ t i e ‘ “af ’ am ey) Rs my t aoe gD " mI ax #9 pote ena Per Ha dade . 
t Ro ee eae ; “ . A - ee TE He A cy ED hoe fa 4 che _ ee ehele > Sf Bea vt Teal eee ed Se arate ‘ eee ges formecat arya Lets ee WO a PA rad gh pig a 
» ' . . 4 4 . ‘ 10 RPA Wey ony = file? Be * : 4< Sig teat a ae ry Cr) ea a, a 4 4 eters 
‘ Fi Letmeracis a =] 4 RT ene Plea, IT rit tt ee an Nott e Pe A IGN bys ' ae Se eZ yh gna Mp eee eo ery es iney Pie Bop pit oe aa , ct state te bee fal Dt 
‘ Ss Venn ts i U ‘ . u f vin of he = <8 ined j a, ‘ oe 4 7 ar pr Feet ee FEM VG . iti tee Pet tet oo re fe fs tare pokey si5 Nap e Ay sae ata eas ae waye et 
{. a a vores F | eS ak ay P aa eet 2 on : ag. aa : ps ae. Oe ee ) *7 hep p # Late eg eee La a Be 2 an ae Ay $4 FR2I PMR aL ss “ f Abe | aneeeti ety ge 
: aes F ? oye es om 4 t Gt mae . a ' "4 cf ' i “ecnge Lap pdf Bare ob AS nets, heys . cee Ot EES at ~ or sap < a 
' ; : F a ; t Se ae awa aN , qt, } fete, ; J © veers oe pe sawed! Bl | p ay eed , of) fe ee reed. eins Is ve eg :¢ 
a é ns 2 eae nos i _— ’ i . ; a ed my te Eh 4 i J ros ht ; mas n #3 as Hwee yal oes vr igre el ee K te A i aie 
’ ake ‘ Pe + : a , gifs, vm taco eer, Lit x, 548 Shae 57, ts epenis he HERI ihe Ae rsd Es, acai epee ay Ma, 2S sexe, te 
Peet lacy 3 Le. F ; - ref AP AS i Aelt er “gtk 3 A tod ree " eqeuge ge te oy # he J "9 oie hire 
sons : i aye 7 . sty Ame ta BVH 598 vr ak Hired peo PUP RP ee Pees Cee ile ha wey 
e . , i » ‘ 4 Ete FL gO: ~ . oe 7 raye L . Stig t's an B! ee 
y . aos r - HN - oe if cepa 14 a ye Ul ay wsdl ie Fah Pia ike coon zat Bere es P3 iy ee = EE 
, 4 4 * : eee y ‘ Piro ie 3 if Sus rats A Were Loe 45 f; Bh ieee a F 
: ie Tee 5 ° ¥ Sean KVR eg gh gyly ie 4 mee st roan ee Mie x Hf ae * Seas 
“deg Bie : x = ‘ ' eT Wh z 2 gs tie vie oars . i Oates idx Pri wi + Aue aa Ue Mayle sh ee: Loos PS) a “aie rg Po: he ‘os 
‘ A i 4 NG #2, ! Meera Uc ae * ez: ‘ ; ol ng Toe CA 2 ‘4 ie vee tes 
: F i. fan HLA ged “ Lee 9,0 veut He Pate yy aren pe aA 1 Ji 
ey ‘s r : s Bee 4 ; ivan an gsey “ . ; Age ty New A 8 e § re Bicnay ita a PAR AN NO. mea Cesare ve 
‘rage oan ‘ 6 ‘ SERA ASAD jt, Pas see meee ct ey Gees Opedeasty, 
: +2 ne eras: aly Bet kay 3 ' sae fe n We, Poy Py ne 3 ae ; * vid ae ne ql ee ittw" bd aaa thd cP bu a Perk sph iy *4 4: 
i . Pe a ; : 7 ni . UE anu iree ee + Cores ois mee "1s oon or : . AOE EAY {Sse ee Li sgh “iy it ¥, Pa: ay. meee: far nig ‘gil “ 
4 % d tx + ne d : ¥ > eP 29 GFF. as AVS hi wieye vt “A ne : Me aerrd- ary 
, ron § ein ft S60 ¢ ee fas). eee Ta a yt : : Pp 5 ae: ee % ne Bras pee Cohen 
alg ‘ io Sey ry fF. he) “ae a HET ase ait Aon has 
See aC nm *! re 3 Brace fis a Le nw: ed wei FE BRET Oe 
‘ - or : . ‘ n . if : eo mere d tae _ . ae © 
. ' : * i ‘ as . ‘ we i Hi zt ' ,, r e 
; Pao acs we F Pes eC ae dane. aa: 
, f ' . ; y 4 ’ ee a i. aa.. 
. ag aes . - : 0 = = ss 
F - : 5° : A 














NAVAL POSTERADUATE obhUOL 


Monterey, vallfornia 





DEVEROPMENT OF A FIELD REPAIR TECHNIQUE 
ROR ENP =SANDWICH KEVEAR/ EPOXY 
Gh bl Sk bs 


by 


David Bruce Cripns 


June 1984 


Mmesiseeavisor: 





Peproved ©TOr public release: distribution unlimited 


T222025 








UNCLASSIFIED 


me en te sO ee ee sy 


SECURITY CLASSIFICATION DF THIS PASSE “Whan Caeta Entered) 


PSR WE elie ys eas RY OY a PA ly 


VENTATION PAGE 


oa = GOVT ACCESSION NO. 


PeN 





ee SS 


REPORT OOCUM 


ft. REPORT NUMBER 








—_ 


4. TITLE fand Subtitte) 
Development of a Field Repair Technique 
Mer Mani—-Sandwich" Kevlar/Epoxy 
Peerecratt Skin 


7. AUTHOR(s) 


feavyid Bruce Cripps 


Oe ae om et ee ee 


19. PERFORMING ORGANIZATION NAME AND ADORESS 


Naval Postgraduate School 
Monterey, 


Galea rornaa § 9594 3 











CONTROLLING OF FICZT NAME AND ADGRESS 


Naval Postgraduate School 
Monterey, California 93943 


MONITORING AGENCY NAME G&G ADDRESS(IE different from Controlling Office) 


DISTRIBGUT,ON STATEMENT (of this Report; 


Approved for public release; 


Ele) RiBUTION STATEMENT 


SUPPLEMENTARY NOTES 








— —-———— 


KEY WORDS (Continus 21 reverse aid» if neceasery and tdentify by block number) 
"Mini-Sandwich" 

Composite Material 

Shear Loading 

Repair 

meviar/Epoxy 


ABSTRACT (Continue on revsarse alds ti hace soac and | identi fy by block number) 














eoth 
undamaged panels and twenty-three other 


mole plug filler material, 
distance. 


FORM 
JAN 73 


ay? 


Soi nliOn Greatest’ 65 15S OBSOLETE 
S N 0102-LF- 914-6901 


DD , 


iL 


a6 Se GIPIENT 5S GAVALOG NUMBER 


Goat olimconmun! 1m. ted = 


fof the abstract entered in Block 20, lf ditlerent from Report) 


An experimental analysis was performed on Kevlar/epoxy 
Piteeamadwrehn panels with cellular foam core. 


and repairs were subjected to static shear loading. 


parameters were varied in the types of repairs; 
patch material, 


All twenty-Six panels were tested to failure. 








LT FS ee a OS RT iE SP ee I AA “4 


READ INSTRUCTIONS 
BEY ORE GOVMPLCETING FORM 


we Le ee 


a 


S. TYPE OF REF ORT & PERIOD COVERED 
Master = Thesis; 
June 1984 


6. PERFORMING ORG. REPORT NUMBER 


8. CONTRACT OR GRANT NUMBERS) 


ee ene ee 


A | 
* sD, 10 + ee we coer tee: ee Oe, 





10. PROGRAM ELEMENT, P8OVECT, TASS 
AREA & WORK UNIT NUMBERS 

12) REPGR = CATE ~ 

13. NUMBER GF PAGES 7 
eae os 

15. SECURSTY CLASS. (ol thia report) 
Une le] sted 

15n. DECLASSIFICATION DOWNGRADING 


SCHEOULE 





ential ee Pi _ ~ 7 
~ OP ee Oh Pea as Oo. Se. ee 










Three 


panels with damage 
Ee) ie 
hole size, 
and patch overlap 
A 


UNCLASSIFIED 


SECURITY CLASSIFICAT tN OF THIS PAGE (hon Deta Entered) 


UNCLASSIF Tee 
SECURITY CLASSIFICATION OF THIS PAGE (When Deta Entered) 





be suitable for repair of up to three inch diameter Guremes 
holes at field repair level. Additionally, postbuckling 
energy absorption was qualitatively examined for undamaged 
panels and for hole sizes ranging from 1.00 to 57005 2mene- 


repair technigue employing a cellular foam plug and fiber- 

glass patches overlapping the original hole by 0.50 inches, 

symmetrically applied with structural adhesive, was found to 

diameter. 
| 


SN 0102- LF- 014-6601 
> J 


SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 


Approved for public release; distribution unlimited — 


Development of a Field Repair Technique 
for "Mini-Sandwich" Kevlar/Epoxy Aircraft Skin 


by 


David Bruce Cripps 
Captain, United States Army 
B.S., United States Military Academy, 1978 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTERS OF CrENGE IN ABRONAUTICAL ENGINEERING 
from tne 


NAVAL POSTGRADUATE SCHOOL 
June 1984 


Us 


IBRARY 
DUDLEY KROX LU ‘oe SCHOOL 


NNOnT ae ce A UEORNIA 93943 ABSTRACT 

An experimental analysis was performed on Kevlar/epoxy 
cloth "mini-sandwich" panels with cellular foam core. Three 
undamaged panels anc twenty-three other panels with damage 
and repairs were subjected to static shear loading. Four 
Parameters were varied in the types of repairs; hole size, 
hole plug filler material, patch material, and patch overlap 
distance. All twenty-six panels were tested to failure. A 
repair technique employing a cellular foam plug and fiber- 
glass patches overlapping the original hole by 0.50 inches, 
symmetrically applied with structural adhesive, was found to 
be suitable for repair cf up to three inch diameter Cireulag 
holes at field repair level. Additionally, postbuckling 
energy absorption was Qualitatively examined for undamaged 
Panels and for hole sizes ranging from 1.00 to 5.008 nea 


Giameter. 


we 


! 
Ae oan 
TABLE OF CONTENTS  CALIFORY agarce 
TNT RORUCTILON 10 
METHOD OF INVESTIGATION 14 
PANEL DESIGN 17 
A. PANEL LAYUP jeer 
E.. DEsteCNVGRITERTA ie 
C. SELECTION OF REPAIR METHODS ie 
Por ER IMENTAL APPARATUS AND PROCEDURES Al. 
A. PANELS Zu 
Be Peotlen ex LURE Zo 
ce. EXPERIMENTAL SETUP 5.3 
Dy ieSt SeROCEDURES 39 
Boer iby T Ane RESULTS 41 
A. GENERAL RESULTS 41 
Bae BASELINE DATA PANELS 44 
iia Panel A 44 
28 Pane] Y 46 
cm Panel Z 47 
i. 3-INCH PATCHED HOLES oa 
les Panel B op) 
i Panett © Bil 
By PaiieiOmencT cers. «. a < 52 
D. 2-INCH PATCHED HOLES 512 
ides Kevlar Patches with Foam Plugs Sy PA 


a. Panel E 


b. Panel F 
G: Panel G 
ie Fiberglass Patches with Foam Plugs 
a. Panel H 
low Panel I 
Ce Panel J 
lee Kevlar Patches with Structural] 


Adhesive Plugs 


a. Panel K 
lor Panel L 
oe Panel M 
4. Kevlar Patches with no Plugs 
a. Panel N 
lore Panel O 
ee Pane J) 32 


1/2-INCH PATCHED HOES 
ae Panel QO 
2s Panel R 


UNPATCHED “HOLES 


lee Panel S 
pa Panel T 
Sie Panel U 
4. Panel V 
ae Panel W 
6. Panel X 


a2 


ane 


54 


ey 


56 


oo) 


D6 


ae 


a7 


oF 


58 


me) 


29 


oF 


60 


61 


ol 


62 


6 2 


62 


63 


64 


65 


66 


67 


als DiSecusolLON OF RESULTS 
A. POOESOMENTS@2 THE“? ist er tx TURE 
Bi PSOOLSOMENT OF PANEL FAILURES 
C. ASSESSMENT OF POSTBUCKLING TESTS 
pil. CONCLUSIONS 


VIII. RECOMMENDATIONS 
ae PENDIX A: PHOTOGRAPHS OF PHOTOELASTIC TEST PANEL 


meoeNDIX B; MAXIMUM SHEAR STRAIN VERSUS APPLIED 
LOAD CURVES 


mee eNDIX C: APPLIED LOAD VERSUS TOTAL HEAD 
DISPLACEMENT GURY ES 


fest OF REFERENCES 


BIBLIOGRAPHY 


PeeettAL DISTRIBUTION LIST 


70 


70 


72 


75 


IES. 


ei 


52 


Se, 


Bee) 


Pe? 


LZ 


124 


OR 


i 


5 


132. 


14, 


debs! 


16. 


Ls, 


18. 


LIST OF Figmkis 


Panel Specifications 

Recessing of Foam Along Inner Edge of Holes 
Wabash Hydraulic Press 

Speedomax H and Timer Unit 

Drawing of Shear Fixture Member 

Sample Panel in Shear Fixture 

Location of Rosettes on Sample Patched Pane] 
Location of Linear Gage on Sample Patched Panel 
Riehle Testing Machine 

System 4000 and Hewlett Packard 9825B 
Deformation of Pepaired Pane] 

Vertical Buckle of Repaired Pane] 

Vertical Buckle of Panel A, Rear View 

Crack in Tension Commer oiranel] yy » 

Crack in Tension Corner of Panel Z 

Vertical Buckle and Horizonta] Cracks on Panel X 
Summary of Patch Results 

Effect of Hole Size on Shear Flow peas 
Capacity eee ee er Se 


22 


24 


27 


28 


Sj 


32 


eS 


oF 


36 


42 


43 


45 


48 


20 


SNe, 


76 


17 


ACKNOWLEDGEMENT 


The author gratefully acknowledges the enthusiastic 
support provided by T. B. Dunton, R. A. Besel and G. 
Middleton of the Aeronautics Department, Naval Postgraduate 
School. The author also acknowledges the assistance and 
support of P. Anderson and D. Sims of Bell Helicopter Textron 
and D. Loundy of CYRO Industries. The author additionally 
acknowledges the patience and continual support of Ann, 
Brandon and Snowball Cripps throughout the course of this 


investigation. 





Poe NT RODUCTION 


The construction of metal semi-monocoque structures has 
dominated the aviation industry for the past half century. 
In these structures, internal components such as stringers, 
ribs, longerons and spars generally carry the flight loads 
and bending moments, and the skin (as well as some internal 
walls and bulkheads) carry the shear loads. The most widely 
used skin material has been aluminum, largely due to its 
light weight and favorable mechanical properties. 

The use of advanced composite materials in aviation 
applications has been a rather recent phenomenon. Initially 
employed to achieve weight savings, composites have been used 
to fabricate fairings and other aerodynamic surfaces which 
carried little actual load. Within the last decade, compos- 
1tes have gained increased usage in structural components, 
primarily internal bulkheads and panels. Attempts to maxe 
large scale use of advanced composites on fuselage skins have 
been periodically attempted, and for the most part have been 
discontinued due to difficulties which arose. Among these 
difficulties have been complications in fastening adjoining 
Bemponents, lack of out of plane rigidity of thin skins, and 
expense. 

The development of lightweight advanced composite skin 


designs has been hampered primarily by the lack of out of 
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Plane rigidity. Advanced composite materials sized to carry 
the same loads as conventional aluminum skins are on the 
average only a few hundredths of an inch thick. This gives 
rise to their weight savings of approximately twenty-five 
percent over conventional aluminum skins. The composite 
skins are generally woven fabrics with epoxy filler, or 
matrix, penetrating and encasing them. Due to their 
thinness, they exhibit little resistance to out of plane 
loads, resulting in deformation in the form of wrinkling or 
other buckling phenomena. To increase the rigidity of the 
skins to out of plane loads, several schemes for increasing 
the out of plane moment of inertia have been developed. 
Among these are "sandwich" type designs, in which composite 
fabric skins are laid up above and below a core material. 
This core material has been primarily honeycomb Nomex or 
honeycomb aluminum. Cellular foams initially were incapable 
of sustaining the pressures and temperatures necessary to 
cure the resins in the composite fabrics. Recent develop- 
ments in foams have resulted in the production of a cellular 
foam which 1S compatible with the fabrication process for 
composite fabrics. This has enabled the development of a 
"“mini-sandwich" skin design, in which a foam core on the 
order of a qurater of an inch thick is laid up between single 
sheets of +/- 45 degree weave Kevlar/epoxy preimpregnated 


(prepreg) fabric. When co-cured, the components adhere to 


al 


Forme a uUnitized, lightweight skin with increased out of 
Plane rigidity. 

Many problems inherent in metal skin designs are 
resolved by use of the "mini-sandwich”" design. Vast 
reductions in the number of mechanical fasteners required 
to maintain structural integrity are experienced. Complex 
contours can be readily shaped in the fabrication process, 
as all components of the skin can be easily formed prior to 
curing. Weight savings on the order of twenty-five percent 
can be achieved over aluminum skins. Adverse environmental 
effects such as corrosion are greatly reduced. 

Inadvertant damage to aircraft skin necessitates a 
methodology for repair. Traditional mechanically fastened 
patches are inappropriate for “mini-sandwich" skins. Such 
repairs Create additional sites for stress concentration 
and fail to take advantage of the favorable properties of 
advanced composite materials. A repair technique tailored to 
the nature of the material at hand is required. 

Catastrophic damage to the skin would likely result in 
destruction of a major component or loss of the aircraft. 
Incidental damage, however, may not initially degrade the 
structural integrity of the airframe. The repair of such 
incidental damage is most appropriately accomplished at the 
user level, where loss of utilization of the aircraft during 


the time of repair can be kept to a minimum. Accordingly, 


IZ 


this investigation was conducted to develop a field repair 
technique for Kevlar/epoxy "“mini-sandwich" aircraft skin 


material. 
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II. METHOD OF INVESTIGATION 


In order to select an effective field repair technique, 
a variety of possible methods were investigated. Inherent in 
each method was the assumption that the damaged area could be 
prepared for the repair by cutting a smooth circular hole 
entirely through Doth inner and outer skin surfaces, the foam 
core material removed and replaced, and equally sized and 
shaped patches applied to both surfaces (i.e no asymmetric 
patches). The diameter of the hole would be equal to the 
longest cross section distance of the original damaged 
area. This method of smoothing to a clean circular hole 
minimizes stress concentrations otherwise inherent in the 
small radii of curvature present in the rough flaw surfaces. 

Four parameters were selected as ones which would 
provide meaningful results when varied; hole size, patch 
overlap distance, patch material, and plug filler material. 
Twenty-six panels were investigated by varying these four 
Parameters. Table 1 lists the panels and their respective 
configurations. Of the twenty-six panels, three had neither 
holes nor repairs, and provided baseline data against which 
the other panels could be compared. 

The entire stock of panels was manufactured ina single 
large sheet by co-curing Kevilar/epoxy inner and outer skin 


surfaces to the foam core material. Individuai panels were 
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TABLE 1 


CONFIGURATION OF TEST (PANERS 


Panel Hole Plug Patch Patch Radius 


Size (in. ) Material Material Overlap (in.) 
A none none none none 
B 3 206 foam Kevlar O25 
c 3209 foam Kevlar O ae 
D 3.00 foam Kevlar Ogee > 
1 20.0 foam Kevlar 0: 26 
is: 2.00 foam Kevlar 0.. 56 
G 2.00 foam Kevlar 027s 
H 200 foam fiberglass 0.25 
I 2200 foam fiberglass 0.50 
J 2200 foam fiberglass 0.73 
K 2.00 adhesive Keviar 0 223 
L 2200 adhesive Kevlar 0.5.0 
M 200 adhesive Kevlar O'.72 
N 2200 none Kevlar OmZe 
O 2-00 none Kevlar O. 50 
E 2.00 none Kevlar Ow 
Q ©2500 foam Kevlar 0725 
R 0.50 foam Kevlar Os), 
S OR 50 none none none 
T 2200 none none none 
U Ne O18, none none none 
V 3200 none none none 
W 4.00 none none none 
X 5200) none none none 
NG none none none none 
Z none none none none 


LS 


then cut from the large sheet. Each panel was visually 
inspected for flaws and delaminations. In accordance with 
Table 1, holes were cut in the panels and repaired. Several 
panels were tested with no repairs over the holes. The 
Panels were instrumented with bonded strain gages, and 
mounted in a “picture frame” shear fixture. A tensile load 
was applied to two opposite corners of the fixture, and the 
Panels were loaded to failure. For the purposes of this 
investigation, failure was defined as macroscopic irrevers- 
ible deformation or damage to the panel. Strain gage output 
was recorded at regular load intervals throughout the entire 
loading process. Additionally, several panels were loaded 
Meyona the initial point of failure, to the point of 
collapse. Strain gage data was taken during that process 

as well. Test results were then evaluated, and conclusions 


were drawn. 
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Iii. PANEL DESIGN 


RK. PANEL LAYUP 

The "“mini-sandwich" skin design examined in this 
investigation is that employed by Bell Helicopter Textron 
for portions of the fuselage skin on their Advanced Composite 
Airframe Program (ACAP) testbed aircraft. Fabrication of eeme 
panels was conducted by Bell Helicopter Textron, while 
fitting of the panels to the test fixture and all repairs 
were accomplished locally. 

The panels were constructed of 281 weave prepreg 
K-49/CE306, a woven Kevlar/epoxy system produced by Ferro 
Corporation, and of Rohacell 71WF, a closed-cell rigid 
polyimide foam produced by Cyro Industries. The desired 
panel was to be a thin, symmetric layup which would provide 
significant shear strength, yet be very lightweight. The 
resultant layup was a layer of +/- 45 degree Keviar/epoxy 
prepreg fabric sandwiched above and below a core of 0.110 
inch thick Rohacell 71WF foam. After co-curing, the skin 
material had an approximate thickness of 0.155 inches. The 
weight of this combined layup was 0.480 pounds per square 
foot. This represents a savings of nearly 33 percent over 
0.050 inch thick 2024-T4 aluminum, and 17 percent over 0.040 


inch thick aluminum. 


Vy 


The 281 weave prepreg K-49/CE306 Kevlar/epoxy fabric 
is a 250 degree (Fahrenheit) curing system. Averaging the 
shear properties of the 250 degree cure Kevlar/epoxy systems 
provided by DuPont (manufacturers of Kevlar fiber), resulted 
in an interlaminate shear strength of 7000 psi at room 
temperature, and an in plane shear modulus of 3,000,000 psi. 
Ronacell 71WF has a shear strength of 185 psi at room 
temperature, and an average shear modulus of 4402 psi. The 
average in Plane shear modulus of the "mini-sandwich"™ layup 
was determined in the following manner. 

G = {(Giti) + (Got2)} / (t1 + t,) 


This gave an average in plane shear modulus of 803,000 psi. 


Bi. DESIGN CRITERIA 

After comparing fifteen load cases for the ACAP aircraft 
by use of MSC/NASTRAN finite element computer analysis, Be}! 
Helicopter Textron defined a limit critical load case as a 20 
foot per second landing with 10 degree pitch and 10 degrees 
molt, resulting in a limit shear flow of 37 pounds per inch. 
Additionally, an ultimate critical load case vas defined as a 
42 foot per second vertical level crash, resulting in an 
Ultimate shear flow of 342 pounds per inch. The "mini- 
sandwich" is desired to be linearly shear resistant at limit 
load and diagonally tension safe at ultimate load. The 
desired limit shear strain is then calculated from the limit 


shear flow. 


ir 


Yrim = Tham ace gammy (G t) = 0.000307 in/in 
Likewise, the ultimate shear strain is estimated from the 


ultimate shear flow. 
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‘Ge SELECTION OF REPAIR METHODS 

Each of the four parameters selected was varied within 
an appropriate range with respect to the expected ability of 
a user level maintenance activity to successfully accomplish 
the repair action in a timely manner. Compatibility of the 
repair to the surrounding skin was also considered. 

Hole sizes were varied fron 0.50 inches to 5.00 inches, 
with repairs being applied to holes of 0.50 inches, 2.00 
inches, and 3.00 inches. The larger holes were examined for 
their effect on shear characteristics and post-buckling 
behavior without repairs. 

Two types of patch material were selected. Prepreg 281 
weave K-49/CE306 Kevlar/epoxy fabric (250 degree cure) skin 
patches were chosen due to their commonality with the 
original skin material. Woven fiberglass fabric was also 
employed, due to its availability at user level maintenance 
activities, its ease of use, and its ability to be easily 
contoured upon application to non-planar surfaces. The 
fiberglass fabric utilized was part of a fiberglass repair 
kit currently in the military supply system (P/N 51607702a8 


Parts Kit, Repair of Reinforced Fiberglass). The fiberglass 


Ie, 


fabric was adhered to the panels with EA-956 structural 
adhesive, manufactured by the Hysol Division of the Dexter 
Corporation. This adhesive was selected due to its 
compatibility with CE306 epoxy, fiberglass, Kevlar, and 
Rohacell foam. 

The void created by removal of the Kevlar/epoxy and 
foam material was varied in three manners. The primary 
method was replacement of the core material with a disk 
shaped plug of Rohacell 71WF foam material. The second 
method employed was to pour structural adhesive into the void 
and allow it to cure there as a plug. The third variation 
was to allow the void to remain vacant, and merely apply a 
Beam Patch on both surfaces. 

Patch radius overlap was varied from 0.25 inches to 
0.75 inches for 2.00 inch and 3.00 inch diameter holes, and 


meomO.25 inches to 0.50 inches for 0.50 inch diameter holes. 
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IV. EXPERIMENTAL APPARATUS AND PROCEDURES 


A. PANELS 

A lot of thirty panels, measuring 12 inches square, and 
comforming to the layup described previously, was produced by 
Bell Helicopter Textron. Four panels were utilized for 
testing methods of drilling or cutting holes, compatibility 
of different adhesives, methods of affixing patches to the 
surfaces, alternative adhesives for application of bonded 
strain gages, and for asstiring an adequate method for holding 
each panel within the test fixture. The remaining panels 
were configured for testing in the “picture frame" shear 
fixture in the manner shown in Figure l. The four corners of 
each panel were removed so that the contribution of resist- 
ance to shear otherwise afforded by the corner material would 
be eliminated. It is important to note that the four pivot 
points of the test fixture (the centers of the founwe@ermem 
bolts) actually occurred over panel material and not over the 
cutout corner sections of the panels. The foam core material 
along each of the four sides of the panels was removed to a 
depth of 1.25 inches, and was replaced with aluminum spacers 
having a thickness of 0.110 inches. The aluminum spacers 
allowed sufficient torque to be applied to the nine through 
bolts along each side of the panel to assure negligible 
slippage in the frame during loading without crushing of the 


core material within the test area of the panel. 
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Fach panel requiring a hole in the test area had a pilot 
hole drilled through the center of the panel. Holes of 0.50 
inches and 1.00 inches diameter were bored with circular hole 
saws mounted ina drill press. All larger diameter holes 
were cut by means of an adjustable circular hole cutter with 
a hardened steel cutting edge. For each panel a hole was cut 
through the top Kevlar/epoxy skin, the panel was turned over, 
and a hole was cut in the the other skin and through the foam 
core. This resulted ina smooth cut free of any significant 
fraying along the edge. 

For each case in which there was to be a core filler to 
replace the cut out material, the foam core around the entire 
perimeter of the hole was removed to a depth of 0.125 inches 
from the edge of the hole. This allowed slightly more 
surface area for the adhesive holding the plug in place to 
attach itself. Figure 2 depicts how the core material was 
recessed for both foam plugs and structural] adhesive plugs. 

The method for placing Rohacell 71WF plugs into the 
holes was straightforward. A circular disk matching the 
diameter of the hole in the panel was cut froma sheet of 
0.276 inch thick Rohacell 71WF foam. Its edges were lightly 
sanded to insure smoothness, and it was tightly fitted to the 
hole. The disk was then removed and cleaned by means of an 
air jet. EA-956 structural adhesive was applied to the inner 
edge of the hole where the core had been recessed. The disk 


was then placed in the hole, and centered in the thickness 
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Fig. 2. Recessing of Foam Along Inner Edge of Holes 
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direction. The panel was then placed in an oven at 200 
degrees Fahrenheit for ten minutes, during which time the 
adhesive hardened. Hardening of the adhesive can be 
accomplished at room temperature in about two hours, or in 
about ten minutes by employing a simple hand held heating 
gun. The foam plug was then sanded smooth to the level of 
the surrounding skin on both sides and cleaned. 

Panels in which structural adhesive plugs were employed 
were first clamped securely to smooth aluminum sheets. 
EA-956 structural adhesive was poured into the hole area 
until the hole was filled even with the upper surface. The 
panel was then placed in an oven at 200 degrees Fahrenheit 
for one hour, during which time the plug hardened. Sample 
Plugs of 0.25 inch thickness and 1.00 inch diameter took 
approximately eight hours to harden sufficiently at room 
temperature to be handjJed. After hardening, the panels were 
removed from the aluminum sheets and the plugs were sanded 
smooth to the level of the surrounding skin on both sides. 

Kevlar/epoxy patches were applied in the following 
Manner. Circular patches were cut from sheets of prepreg 
K-49/CE306 Kevlar/epoxy fabric. Panels were preheated to 
approximately 200 degrees Fahrenheit. Insuring alignment 
with the weave direction of the panel, the patches were 
carefully placed onto both sides of the panels, centered 
over the plug. By preheating the panels, the Kevlar/epoxy 


patches would soften somewhat and become tacky, allowing them 
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to be moved a small amount once placed on the panels to 
insure correct positioning, and holding the patches in place 
while transferring the panels to the heated press for curing. 
The press used was a Wabash 10,000 pound capacity hydraulic 
press with electrically heated platens. Figure 3 shows the 
hydraulic press. The temperature of the platens was main- 
tained by a Leeds and Northrup Speedomax H temperature 
Sentroller unit in conjunction with a locally fabricated 
timer unit, shown in Figure 4. Panel temperature was sensed 
by a thermocouple placed on the panel and maintained at 250 
degrees Fahrenheit by the controller. Approximately 45 psi 
of pressure was applied to the patches by means of the 
hydraulic cylinder in the press. Temperature and pressure 
were maintained for one hour, at which time the panels were 
removed from the press anc ‘inspected. Those panels in which 
no filler plug was employed had the skin patches applied one 
at a time. In these cases, the side to which the patch was 
being applied was placed downward in the press. As it cured 
at temperature and pressure, gravity would hold the skin 
under the hole against the lower platen. When that side was 
cured, the remaining patch was applied to the other side, 
which in turn was placed downward in the press. Since the 
first patch had already cured, it would not sag into the 
lower patch and allow them to fuse together. 

The panels which utilized fiberglass patches were 


preheated to 200 degrees Fahrenheit. A thin layer of EA-956 
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Structural adhesive was applied to the plug surface and 
around the edge of the hole on one side of the panel. A 
Circular patch of woven fiberglass material was then placed 
onto the panel and centered over the plug. The fiberglass 
was tamped lightly into the adhesive until it was saturated. 
Additional adhesive was applied to insure complete saturation 
of the fiberglass and smoothness of the patch surface. The 
panel was then placed into an oven at 200 degrees Fahrenheit 
for ten minutes, during which time the adhesive hardened. 
The panel was then inverted, and the procedure was repeated 
on the other side. 

Once the repairs had been accomplished, all repairs were 
allowed to cure additionally at room temperature for twenty- 


four additional Nous pricmatc. Peoeinae 


Be VEST F Pane 

The disposition of "picture frame" shear fixtures to 
Pinch the panels at the tension corners where load 1s applied 
(causing a scissors-like action on the panel) and to separate 
loading tabs at the unloaded corners (causing excessive 
Stretching in the panel) can be overcome by designing the 
fixture such that its corner pins coincide with the corners 
of the test area of the panel [Ref. 1]. To accomplish this, 
a shear fixture was designed taking into account colocation 
of the corners of the panel’s test area and the "picture 


frame" corner pins. The corner pins were designed to be 
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Pe ecmcdeecuonmrmont and back Halves of the frame, rather than 
penetrate the test panel, allowing part of the panel to lie 
directly below the corner pins of the fixture. This allows 
mee Pivet Point of the test fixture to occur at the corner of 
the panel test section without drilling a pivot pin hole in 
the test panel, which would induce a stress concentration at 
the corner. Figure 5 illustrates the specifications to which 
the components of the frame were fabricated. The assembled 
frame is shown in Figure 6. The frame was machined from 
stainless steel, with each piece being nominally 0.50 inches 
thick , 1.50 inches wide and 12.00 inches long. The frame 
was designed to be sufficiently massive such that an 
assumption of frame rigidity would be reasonable. All 
twenty-Six panels were placed into the fixture in the same 
Orientation, and secured with thirty-six 1/4-inch bolts, each 
of which was torqued to 125 inch-pounds. 

In order to insure that the state of stress developed 
within the shear fixture was uniform over a large portion of 
the test area, a test panel composed solely of 0.125 inch 
thick sheet photoelastic material was prepared and secured in 
the “picture frame" with 30 inch-pounds of torque applied to 
the thirty-six through bolts. The photoelastic panel had 
been prepared by coating one side evenly with a reflective 
aluminized paint. A polariscope and camera arrangement was 
used to photograph the resulting stress distribution as 


exhibited by the photoelastic process. Appendix A contains 
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photographic results of the stress distribution throughout 
the load cycle. It can be seen from these results that 
uniformity of stress in fact did exist across nearly the 
entire test area at higher loads, with the stress gradients 
being restricted to the regions immediately surrounding the 


corners and near the edges. 


Ca EXPERIMENT AGS s.r 

Each panel was instrumented with three bonded strain 
gage rectangular rosettes and a linear bonded strain gage. 
The rosettes utilized were EA-06-060RZ-120 rectangular ro- 
sette Student Strain Gages manufactured by Micro-Measurements 
Division of Measurements Group, Incorporated. The linear 
gages employed were EA-06-060LZ-120 linear Student Strain 
Gages, by the same manufacturer. All strain gages were 
applied with M-Bond 200 adhesive, also manufactured by Micro- 
Measurements Division. Panels having a repair applied had 
three rosettes placed on the front of the panel and a linear 
gage placed on the rear of the panel (for this investigation 
the side of the panel facing the front of the test machine 
wlll be referred to as the front of the panel, and the 
reverse side referred to as the rear of the panel). One 
rosette was placed at the center of the repair area, another 
above the patch overlap area, and another immediately 
adjacent to the patch on the original panel surface, as shown 


in Figure 7. The linear gage on the rear of the panel was 
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Barented im cie horizontal direction, as shown in Figure 8, 
and was used to indicate the onset of buckling during the 
Meading process. For panels which had no holes, two rosettes 
were placed on the front of the panel. One was located at 
the center of the pane’, and the other was located 1.50 
inches from center along a line drawn horizontally through 
the center of the panel (in the maximum compression 
direction). Additionally, a rosette was centered on the rear 
of the panel, anda linear gage was positioned directly 
behind the second rosette mounted on the front. For panels 
which had holes but no repairs, two rosettes were placed on 
the front of the panel. They were located directly adjacent 
to the edge of the hole, with one falling on a line drawn 
vertically through the center of the hole (in the maximum 
tension direction) and the other falling on a line drawn 
horizontally through the center of the hole (in the maximum 
compression direction). A rosette was placed on the rear of 
the panel immediately behind the vertically oriented rosette 
on the front, and a linear gage was positioned directly 
behind the horizontally oriented rosette on the front. 

The instrumented panels were secured in the shear 
fixture, and mounted by means of clevis devices in a 300,000 
pound capacity Riehle Testing Machine, as shown in Figure 9. 
The strain gages were connected to a Micro-Measurements 
System 4000 Strain Gage Scanner, which was linked to a 


Hewlett Packard 9825B desktop computer, shown in Figure 10. 
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System 4000 and Hewlett Packard 9825B 
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BD. TEST PROCEDURES 

Prior to loading to failure, each panel which had no 
hole or had a repair applied was loaded to 500 pounds for 
various system ckecks. Panels with unrepaired holes were 
loaded to 250 pounds. Loads were then removed and the lower 
clevis was loosened from the jaws of the testing machine. 
All strain gages were then zeroed and calibrated, and the 
zero and calibration values were recorded. The lower clevis 
was then replaced in the jaws of the testing machine, and 
a tensile force was applied to the test fixture by the 
testing machine. The heads of the testing machine were moved 
apart at a constant rate of 0.025 inches per minute. At 125 
pound increments, the time was recorded, as well as the 
output from each of the strain gages. The System 4000 scans 
at a rate of approximately 30 channels per second. As only 
eleven channels were being utilized (three per rosette, one 
for the linear gage, and one for a temperature compensation 
gage), the testing machine heads were not stopped for each 
reading, but were continuously displaced. As the order of 
magnitude of the smallest time interval between successive 
125 pound increments was about 10 seconds, the time taken to 
scan through the eleven channels resulted in no more than a 
three percent variance (worst case) in load applied from 
channel O to channel 10 during the scan. For all panels, 


complete data was taken to the point of failure. For panels 


i 


T through Z, load and time were recorded at 125 pound 
increments between the point of initial failure of the panel 


mimene DOINnt Gf total loss of load carrying capacity. 
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V. EXPERIMENTAL RESUE@S 


A. GENERAL RESULTS 

The loading and failure process for each of the twenty- 
Six panels followed basically the same sequence. Within a 
band of a few hundred pounds of 4000 pounds applied load, 
crackling noises began. These noises continued occasionally 
until immediately prior to failure of the panel. In general, 
about two hundred pounds prior to failure, visible 
deformation of the panel could be seen, similar to that shown 
in Figure ll. Immediately before failure, a sudden) inene as 
of the crackling sound intensity occurred, followed by a loud 
sharp report at the time of failure. Failure in each case 
exhibited itself as a vertical buckle running either through 
Or adjacent to the patched area between the opposite tension 
corners, as depicted in Figure 12. 

After failure, panels were removed from the test fixture 
and inspected. In each case the buckled region exhibited 
shear failure of the foam core material and no other damage 
to the Kevlar/epoxy skins. Plots of maximum shear strain 
versus applied load were prenared (see Appendix B). 

Seven panels were continuously loaded following failure. 
In each case, the crackling sound persisted after failure 
until the point of total loss of load carrying capability of 
the panels. At this point, another loud report was heard. 


Inspection generally revealed cracks originating at the 
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Vertical Buckle of Repaired = raneu: 
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holes in the test area and proceeding horizontally to the 
compression corners. The cracks penetrated the entire 
thickness of the panels. Plots of applied load versus total 
head displacement were prepared. They can be found in 
Appendix C. 

The following twenty-four pages discuss specifically 
what occurred on each of the individual load cases. A 


G@iscussion of the results can be found in section VI. 


ee BASELINE DATA PANELS 
ie Panel A 

Beginning at about 5000 pounds applied load, 
occasional slight crackling sounds were heard. At about 5875 
pemmae OL applied load, a slight bowing of the center of the 
panel was observed to be oriented vertically. Continued 
loading resulted in an accentuation of the vertical bowing. 
At ©6300 pounds applied load, a loud report was heard, and tne 
load carried by the panel dropped off sharply. A vertical 
buckle slightly off center to the right was observed, as 
shown in Figure 13. In the immediate vicinity of the buckle, 
the panel was found to have delaminated from the inner core 
material. The panel was removed from the frame and 
inspected. A profile view of the buckled region indicated 
failure of the foam core in shear normal to the plane of the 
panel. The foam was crushed and pulvarized along the 


vertical lines of maximum bending of the Kevlar/epoxy layers. 
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Aside from the vertical buckle and its associated 
delamination, no other damage to the panel was detected. 

The maximum shear strain was plotted against the 
applied load, resulting ina linear curve with shallow slope 
This graph is presented in Appendix B. From this graph, 
buckling was determined by noting the radical change in 
slope. The buckling load was found to be approximately 5900 
pounds, with a corresponding maximum shear strain of about 
0.005450 infin. The average shear flow was 464 lbs/in, which 
exceeded both the limit and the ultimate shear flow 
requirements. 

2 Panel Y 

This panel behaved in much the same manner as did 
Panel A. Slight crackling sounds were heard at abont 4500 
pounds applied load, and then occasionally throughout the 
remainder of the loading process. At approximately 5500 
pounds applied load, visible deformation was detectable. 
Vertical bending rapidly developed, culminating ina loud 
report at 5640 pounds applied load. At this time a distinct, 
permanent vertical buckle through the center of the panel was 
observed. At the time of the failure, the load dropped off 
to slightly less than 4125 pounds. Loading of the panel was 
not stopped at failure, but continued, during which time load 
and elapsed times were recorded. Following the initial 
failure, moderate crackling sounds were audible continuously. 


The applied load increased at a fairly uniform rate until 
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approximately 6990 pounds, at which time another loud report 
was heard, and the load dropped to below 1000 pounds. The 
panel was removed from the test fixture and inspected. The 
vertical buckle was of the same nature as that in Panel A. 
Cracks were found connecting the through bolt holes in the 
tension corners of the panel. These cracks penetrated 
entirely through the panel. A picture of these cracks 
appears as Figure 14. 

Shear strain was plotted against applied load 
(see Appendix B), and the buckling load was determined to 
be 5500 pounds, with a corresponding maximum shear strain 
of about 0.007890 in/in. The average shear flow was 432 
lbs/in. This value exceeded both the Limit and them mw) 
shear flow requirements. The slope of the curve was slightly 
greater than that for Panel A, and buckling occurred at about 
a seven percent lower load. 

The heads of the Riehle Testing Machine moved 
apart at a constant rate of 0.025 inches per minute. By 
determining the elapsed time between load increments, a 
plot of load versus total head displacement was obtained. 
This graph is presented in Appendix C. 

Sle Panel Z 

Similar to Panels A and Y, Panel Z exhibited light 
crackling sounds beginning at approximately 4875 pounds 
applied load and continuing periodically until failure. 


Visible deformation was noted at 5625 pounds, with a loud 
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report accompanying large scale buckling at 5850 pounds. A 
vertical buckle was noted slightly off center to the left of 
the panel. The load fell off to 4125 pounds at failure. 
Continued loading was accompanied by constant moderate 
crackling sounds. During continued loading, a second loud 
report was heard at 7290 pounds of applied load. At this 
time the load dropped off to less than 1000 pounds, and a 
large crack was visible, extending horizontally across neariy 
half the panel about two inches above the lower tension 
corner. The panel was removed and inspected. The initial 
buckle was again characterized by delamination and 
pulvarizing of the foam core. The horizontal crack was found 
to have penetrated the entire panel thickness. Figure 15 
portrays thi seerack. 

A plot of shear strain versus applied load was 
prepared (see Appendix B), indicating buckling onset at 5625 
pounds, with a corresponding shear strain of approximately 
0.006000 in/in. The average Shear flow was 44290pa7euum 
Again the limit and ultimate shear flow requirements were 
exceeded. A plot of load versus displacement was prepared 


and 3s included in Appendix C. 
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Ce 3- INGH PATCH PRHOLEs 
igs Panel B 

Slight crackling sounds were detected beginning at 
about 4000 pounds applied load. Visible deformation was 
noted at about 5125 pounds, similar to that shown eb roum. 
ll. A loud report occurred at 5425 pounds, accompanying a 
vertical buckle that was offset to the right of center and 
just beyond the edge of the patch overlap area, in the same 
manner as depicted in Figure 12. There was no apparent 
damage to the patch area itself. After removal from the test 
fixture, inspection detected shear failure of the core 
material adjacent to the patch area. The shear strain versus 
applied load curve (see Appendix B) indicated buckling onset 
at approximately 5000 pounds, with an accompanying shear 
strain of 0.015600 in/in. The average shear flow was 393 
lbs/in. Again, limit and ultimate shear flow requirements 
Wewe sete. 

2a Panel C 

Slight crackling sounds began at about 4375 pounds 
applied load. Visible deformation was detected at 5250 
pounds. A loud report occurred at 5575 pounds: At @enatweume 
a vertical buckle was noted off center to the right and 
adjacent to the edge of the hole, within the patch overlap 
area. Post-removal inspection revealed shear failure of the 


foam core. No other damage was noted. 


al 


The shear strain versus applied load curve {see 
Appendix B) indicated buckling onset at an applied load of 
BOO pounds, with a shear strain of 0.012300 in/in. The 
average shear flow was 393 lbs/in. This exceeded the limit 
and ultimate shear flow requirements. 

3. Panel D 

Crackling sounds became audible at about 4125 
pounds applied load, with visible deformation being noted at 
5625 pounds. A loud report was heard at 5760 pounds. At 
that time a distinct vertical buckle was noted off center and 
to the left, adjacent to the edge of the hole and within the 
patch overlap area. Inspection after removal from the frame 
revealed shear failure of the foam core and no other damage. 

Buckling onset was determined to occur at 5500 
pounds applied load by the shear strain versus applied load 
curve (see Appendix B). The shear strain at that load was 
peewee 0.016970 in/in. The average shear flow was 432 lbs/in. 
Again, limit and ultimate shear flow requirements were 


exceeded. 


iD 2-INCH PATCHED HOLES 
ile Kevlanpebatenes with Foam Plugs 
ale Peme ti 
Slight crackling sounds emanated from the 
panel, beginning at about 4250 pounds of applied load, and 


continuing periodically until failure, which occurred at a 


D2 


load of 5780 pounds. A loud report accompanied the buckling 
failure. Deformation had been visually detected at about 
5500 pounds of applied load. The resultant buckle extended 
vertically from the upper to the lower corner, and was 
displaced to the left, just outboard of the patch overlap 
area. Inspection after removal from the "picture frame" 
revealed shear failure of the foam core material. 

The shear strain versus applied load curve 
(see Appendix B) indicated the onset of buckling to have 
occurred at 5375 pounds of applied load, with a maximum shear 
strain at that point of approximately 0.012730 in/in. seo 
average shear flow was 422 lbs/in. Limit and ultimate shear 
flow requirements were exceeded. 

Di Panel F 

Upon loading, slight crackling noises were 
detected, beginning about 4125 pounds of applied load. At 
4875 pounds, a vertical wrinkle became visible in the patch 
itself on the front side of the panel. The wrinkle was about 
O.75 inches off center to the left, and extended over the 
foam plug, but did not extend over the patch overlap area. 
A small amount of delamination was noted in the immediate 
vicinity of the wrinkle. The panel itself exhibited no 
visible deformation until 5250 pounds. A loud report was 
heard at 5500 pounds, at which time a vertical buckle formed. 


It was located slightly off center to the left, just inboard 
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of the edge of the foam plug. Post-removal inspection 
revealed shear failure of the foam core material. 

The plot of shear strain versus applied load 
(see Appendix B) indicated the onset of buckling at 5000 
pounds applied load, with about 0.005975 in/in maximum shear 
strain. Average shear flow was 393 lbs/in. Limit and 
ultimate shear flow requirements were exceeded. 

en Jerse le thee 

Initial crackling noises were heard at a 
load of 4375 pounds. Visible deformation was noted at 5750 
pounds. At 6170 pounds, a Joud report sounded, anda 
vertical buckle was noted off center to the left. It was 
located outboard of the foam plug area, about halfway 
through the overlap area. The panel was removed from the 
test fixture and inspected. Shear failure of the foam core 
was found to have occurred. 

The shear strain versus applied load curve 
(see Appendix B) showed the onset of buckling to have 
occurred at about 5125 pounds applied load, with an 
accompanying maximum shear strain of 0.011890 in/in. The 
average shear flow was 403 lbs/in, exceeding both limit and 


ultimate shear flow requirements. 
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24 Fiberglass Patches with Foam Plugs 
a. lesa tl Jal 

Slight crackling noises were detected at 4000 
pounds of applied load, and continued intermittently through 
failure of the panel. At about 5/750 pounds of applied Toag 
crazing of structural adhesive at the center of the rear 
patch became visible. No visible deformation was noted prior 
to failure, which occurred at 6375 pounds of applied load. A 
sharp loud report accompanied the failure, which exhibited 
itself as a vertical buckle lying just outboard of and 
adjacent to the edge of the patch overlap. Inspection of the 
panel after removal from the "picture frame" reveajJled shear 
failure of the foam core material. 

The plot of maximum shear strain versus 
applied load (see Appendix B) indicated the onset of buckling 
at 5750 pounds, with an accompanying maximum shear strain of 
approximately 0.010180 in/in. Average shear flow was 452 
lbs/in. Both limit and ultimate shear flow requirements were 
exceeded. 

be Panel I 
During loading, slight crackling sounds were 


audible from about 4375 pounds applied load to failure at 


intermittent intervals. Crazing became visible on the front 
and rear patches at 5500 pounds. No visible deformation was 
noted prior to failure. A loud report was heard at an 


applied load of 6625 pounds, and a vertical buckle appeared, 
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located just outboard of and adjacent to the left edge of the 
patch overlap area. After removal, inspection of the panel 
revealed shear failure of the foam core. 

Maximum shear strain was plotted against 
applied load (see Appendix B), and no significant change in 
slope was noted prior to failure. This indicated that the 
onset of buckling occurred at tne failure load of 6625 
pounds, with a maximum shear strain of about 0.010380 in/in. 
Average shear flow was 521 lbs/in. Both limit and ultimate 
shear strain requirements were exceeded. 

es Paneer 

Crackling noises initiated at about 4375 
pounds of applied load. Crazing was noted on the rear patch 
memos y > pouncs and on the front patch at 5625 pounds. 
Deformation of the panel became visible at 6000 pounds. 

A loud report sounded at 6270 pounds, accompanied by a 
vertical buckle which ran adjacent to the outer edge of 

the patch overlap area right of center. Post-removal] 
inspection revealed shear failure of the foam core material. 

The onset of buckling was determined from 
the plot of maximum Shear strain versus applied load (see 
Appendix B) to have occurred at 5500 pounds, with 0.010435 
infin maximum shear strain. The average shear flow was 432 
lpbs/in. Limit and ultimate shear flow requirements were 


both exceeded. 
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oN Kevlar Patches with Structuraleadhes ive mor 
as Panel K 

At an applied load of 2250 pounds, the front 
patch began to delaminate from the plug area. The overlap 
area remained intact. At 3000 pounds, a vertical wrinkle 
formed in the center of the patch. Crackling noises were 
noted intermittently from about 4250 pounds until failure. 
Deformation of the panel became visible at 5125 pounds 
applied load. At 5590 pounds, a loud sharp report was heard, 
and a distinct vertical buckle was noted to the left of 
center, adjacent to the patch overlap area. Inspection after 
removal from the "picture frame" revealed shear failure of 
the foam core material. Aside from that and the delamination 
of the patch on the front over the plug, no other damage was 
noted. 

Plotting maximum shear strain against applied 
load (see Appendix B) resulted in a buckling onset load of 
about 4625 pounds, with 0.006630 in/in maximum shear strain. 
The average shear flow was 363 lbs/in. This exceeded both 
the limit and the ultimate shear flow requirements. 

love Panel L 
Crackling sounds became audible at an applied 


load of 4125 pounds, and continued sporadically until panel 


failure. Visible deformation of the panel was noted at 5500 
pounds. A loud report accompanied by a vertical buckle indi- 
cated failure at 6190 pounds. The buckle ran vertically, 


Sal 


Femacent to the left edge of the patch overlap area. After 
removal, inspection revealed shear failure of the foam core 
material. 

The onset of buckling was determined to have 
occurred at an applied load of 5325 pounds from the maximum 
shear strain versus applied load curve (see Appendix B). 

The shear strain at this point was approximately 0.008330 
infin. The average shear flow was 418 lbs/in, exceeding both 
the limit and ultimate shear flow requirements. 

aug Panel M 

A delamination of the patch from the adhesive 
plug on the front side of the panel began at an applied load 
of 2250 pounds. At 3750 pounds, a vertical wrinkle became 
visible in the patch above the plug. No damage or distortion 
was noted on the rear patch. At 4125 pounds, slight 
crackling noises were heard, which continued occasionally 
until failure. Visible deformation was noted at 5375 pounds, 
and at 5900 pounds a loud report was heard. At this time a 
vertical buckle was noted left of center, adjacent to the 
patch overlap area. Post removal inspection revealed shear 
failure of the foam core material. 

The plot of maximum shear strain versus 
applied load (see Appendix B) indicated buckling onset at 
5500 pounds, with approximately 0.008230 in/in maximum shear 
strain present. Average shear flow was 432 lbs/in. This 


met both the limit and the ultimate shear flow requirements. 
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4. Kevlar Patches with Howie. 
a. Panel N 

At an applied load of nearly 1000 pounds, the 
front patch Degan to visibly deform over the area of the 
hole. By approximately 1625 pounds, a clearly discernible 
vertical wrinkle extended through the center of the front 
patch. The patch overlap area, as well as the entire rear 
patch, remained undeformed. At about 4000 pounds, a rapid 
onset of moderate crackling sounds was heard, followed at 
4070 pounds by a loud report. At that time a vertical bie 
was noted extending from the upper tension corner through the 
center of the pane] to the lower tension corner. Upon 
removal from the “picture frame" it was inspected, revealing 
shear failure of the core material. 

The maximum shear strain versus applied load 
curve (see Appendix B) indicated a change in slope at 1000 
pounds, corresponding to the initiation of the wrinkle on the 
front patch. Buckling was determined to have occurred at 


approximately 3875 pounds, at which point the maximum shear 


stress was about 0.008850 in/in. Average shear flow was 304 
lbs/in. The requirement for limit shear flow was exceeded. 
b. Panel O 


At an applied load of 1875 pounds, a Joud 
report was heard. A delamination of the rear patch had 
occurred from the five o’clock position tothe eight o cieer 


position. The load did not drop off appreciably. At 3000 


a2 


pounds, a second loud report was heard, and the rear patch 
felamination had spread to the region from the four o'clock 
Bositionm to the ten o clock position, fully half the circunm- 
ference of the patch. Again the load dropped off only 
slightly. At nearly 3500 pounds, a rapid onset of crackling 
occurred, followed immediately by a third loud report. At 
this time the load dropped off significantly. A vertical 
buckle was noted through the center of the panel. Inspection 
following removal from the shear fixture revealed shear 
failure of the foam core material. 

The plot of shear strain versus applied load 
(see Appendix B) indicated a radical change in slope at an 
applied load of 2000 pounds, corresponding to the delam- 
ination of the rear patch. Any data beyond that point was 
not relevant to this investigation. At the time of the rear 
patch delamination, the maximum shear strain was found to De 
approximately 0.004550 in/in. Average shear flow was 157 
lbs/in, which exceeded limit shear flow requirement. 

Ge Panel P 

At an applied load of 3875 pounds a slight 
crackling noise became audible. The sound persisted inter- 
mittently through about 4250 pounds, at which time it 
intensified and became continuous. At 4325 pounds, a sharp 
loud report was heard, and a vertical buckle was noted 
through the center of the panel. Until failure, no 


deformation had been visible. Inspection of the panel after 
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lt had been removed from the test fixture revealed shear 
failure of the foam core material. 

The plot of maximum shear strain versus 
applied load (see Appendix B) showed no significant change in 
slope prior to failure. The buckling load was the failure 


load of 4325 pounds, with a corresponding maximum shear 


strain of approximately 0.010775 in/in. The average sheam 
flow was 340 lbs/in. The Jimit shear flow requirement was 
exceeded. 
E. 1/2-INCH PATCHED HOLES 

Ve Pane 130 


Slight crackling sounds hecame audible at an 
applied load of about 4125 pounds, and continued periodically 
through the loading cycle to failure. At 3500 pounds, 
visible deformation of the panel was noted. At 5820 pounds, 
a loud report was heard, and a vertica] buckle was noted 
slightly off center to the left. Once removed from the shear 
fixture, inspection of the panel revealed shear failure of 
the foam core material. No other damage was noted. 

The plot of maximum shear strain versus applied 
load (see Appendix B) showed the onset of buckling at 5500 
pounds, with a corresponding shear strain of 0.015680 in/ins 
The average shear flow was 432 lbs/in. Both limit and 


ultimate shear flow requirements were exceeded. 
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oe Pane] R 

At 4250 pounds of applied load, slight crackling 
sounds became audible. These sounds continued intermittently 
until failure occurred. Deformation of the panel became 
visible at 5750 pounds. At 6075 pounds, a loud report was 
heard, and a vertical buckle was noted through the patch 
overlap area left of center. Post-removal inspection of the 
panel revealed shear failure of the foam core material. 

The buckling load determined from the shear strain 
versus applied load curve (see Appendix B) was about 5750 
pounds, with a corresponding maximum shear strain value 
of approximately 0.009595 in/in. Average shear flow was 450 
Beeyan. this exceeded both the limit and the ultimate shear 


flow requirements. 


rE. UNPATCHED HOLES 

ili, Panel S 

Slight crackling sounds became audible at an 

applied load of about 4000 pounds. These sounds continued 
sporadically until about 5625 pounds, at which time they 
became continuous and somewhat louder. At that load, visible 
deflection of the surface of the panel was noted. At 5775 
pounds, a loud report was heard and a vertical buckle was 
noted in the center of the panel. Inspection after removal 
of the panel from the frame revealed shear failure of the 


foam core material. 


oO 


The shear strain versus applied Woad semry meee e 
Appendix B) displayed no significant change in slope prior to 
failure, resulting in a buckling load of 5/775 pounde =e 
corresponding maximum shear strain was approximately 0.008900 
in/in. Average shear flow was 450 lbs/in, which exceeded 
both the limit and the ultimate shear flow requirements. 

2s Panel] T 

During the loading process, nothing visible or 
audible was noted until] just beyond 4000 pounds applied load, 
at which time a continuous crackling sound of moderate 
intensity suddenly began. At 4045 pounds, a sharp loud 
report was heard, at which time the load dropped to 3250 
pounds. A vertical buckle was noted through the center joa 
the panel. Load was continuously applied following failure, 
Guring which time continued crackling sounds were heard. At 
4315 pounds, a second report was heard, and the load dropped 
to less than 500 pounds. Horizontal cracks were ob served on 
front and rear of the panel on both left and right sides of 
the hole. After removal from the "picture frame", inspection 
revealed shear failure of the core material along the Phuckle. 
The horizontal cracks were found to have penetrated entirely 
through the thickness of the panel. 

A plot of maximum shear strain versus applied 
load (see Appendix B) indicated the onset of buckling at 
about 3000 pounds applied load and 0.003830 in/in shear 


strain. Average shear flow was 236 lbs/in. This exceeded 
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miewlimzt shear flow requirement. A vlot of applied load 
versus total head displacement is shown itn Appendix C, with a 
sharp discontinuity corresponding to the buckling failure 
load. Average shear flow at the time of the cracking was 
339 lbs/in, or 3 lbs/in less than the ultimate shear flow 
requirement. 

Ean Panel U 

Slight crackling sounds were heard at 4125 pounds 
applied load, and continued periodically until failure. At 
5150 pounds, a sudden increase in the crackling sound was 
followed immediately by a loud sharp report. A vertical] 
buckle was observed through the center of the panel. 
Continued loading resulted in continuation of the crackling 
sound until a second loud report was heard at 5560 pounds. 
At that time cracks were seen to extend horizontally through 
the center of the panel, on the front and rear, to the left 
and right of the hole. The load dropped off to less than 
625 pounds. Post-remova] inspection revealed shear failure 
of the foam core material in the vicinity of tne vertical] 
buckle. The cracks were found to have penetrated the entire 
thickness of the panel. 

Maximum shear strain was plotted against applied 
load (see Appendix B), indicating a buckling load of about 
4875 pounds. The corresponding maximum shear strain was 
approximately 0.005450 in/in. Average shear flow was 383 


lbs/in, exceeding both limit and ultimate shear flow 
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requirements. A distinct discontinuity in the applied load 
versus total head displacement curve (see Appendix C) 
corresponded to the failure load of the panel. 
4. Panel V 

During the loading process, a sudden onset of 
moderate crackling sounds was immediately followed by a sharp 
loud report at an applied load of 3210 pounds. @iie aia. 
dropped off to slightly less than 2250 pounds. A verticam 
buckle was noted through the center of the panel above and 
below the hole. The loading process was continued and the 
crackling sound persisted. At 3445 pounds, another loud 
report was heard, and the load dropped to Jess than 500 
pounds. Cracks were observed to the right and left of the 
hole on the front and rear of the Danel. Inspection of the 
panel after it was removed from the test fixture revealed 
shear failure of the foam core material in the region of the 
buckle. The horizontal cracks were found to have penetrated 
the entire thickness of the panel. 

A plot of shear strain versus applied load (see 
Appendix B) showed no significant change in slope. The 
buckling load was 3210 pounds, with a maximum shear strain at 
that point of 0.005850 in/in. Average shear flewewass2 
lbs/in, exceeding the limit shear flow requirement. ~PlO grams 
applied load against tota]) head displacement showed a 
discontinuity at the buckling load (see Appendix C). At ae 


Point of loss of load carrying capability, the average shear 
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miovwace coon tbs/in, still well short of the ultimate shear 
flow requirement. 
=) 4 Panel W 

A sudden onset of moderately loud crackling sound 
was immediately followed by a loud report at 2490 pounds 
applied load. The toad dropped to slightly less than 1625 
pounds, and a vertical buckle was noted above and below 
the hole in the center of the panel. The crackling sound 
continued as the load was increased, and a second loud 
report was heard at 2950 pounds. The load dropped to less 
than 375 pounds, ‘and horizontal cracks appeared to the right 
and left of the hole on both the front and the rear of the 
Panel. The panel was inspected after removal from the 
"picture frame", revealing shear failure of the foam core 
material in the vicinity of the vertical buckle. The crack 
had penetrated the entire thickness of the panel. 

No change in slope was discernible on the shear 
strain versus applied load curve (see Appendix B), and the 
buckling load was determined to be 2490 pounds, with an 
accompanying maximum shear strain of approximately 0.007550 
myn. Average shear flow was 196 lIbs/in. This value 
exceeded the requirement for limit shear flow. A discon- 
tinuity on the applied load versus total head displacement 
curve corresponded to the buckling load of the panel (see 


Appendix C). Average shear flow at the time of loss of load 
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carrying capacity was 232 ibs/in, well short of thesmueumeeee 
shear flow requirement. 
6. Panel X 

At 1700 pounds applied load, a sudden loud report 
was heard. A vertical buckle was noted along the centerJine 
of the panel from the lower edge of the hole to the lower 
tension corner. The load dropped to about 1500 pounds. 
At 1550 pounds a second report was heard, and a vertical 
buckle was observed from the top of the hole along the panel 
centerline to the upper tension corner. As the load was 
increased, crackling sounds were heard, and a third loud 
report wae heard at 2560 pounds. At this time horizontal 
cracks were noted from the edges of the hole to the 
compression corners of the frame on both the front and the 
rear of the panel, as shown in Figure 16. Post-remova] 
inspection revealed shear failure of the foam core material 
in the regions of the vertical buckles. The cracks were 
found to have penetrated the entire thickness of the panel. 

The maximum shear strain versus applied load curve 
(see Appendix B) displayed no noticeable change in slope. 
The buckling load was determined to be 1/700 pounds, with an 
accompanying maximum shear strain of 0.005015 in/in. Average 
shear flow was 134 lbs/in, exceeding the limit shear flow 
requirement. The applied load versus total head displacement 
curve (see Appendix C) showed a discontinuity corresponding 


to the failure Joad of the panel. At the time of total loss 
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of load carrying capacity, the average shear flow was 201 


iis/impevetleshorteofetne ultimate shear flow requirement. 
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Vie oo eUSoo LON OF RESULTS 


A. PSotooMoNie Or [Ht TEST FIXTURE 

Almost invariably there was a small non-linear region at 
very low load levels for the shear strain versus applied load 
curves located in Appendix B. Without exception the curves 
became linear within 500 pounds of applied load (only three 
panels exhibited non-linearity beyond 250 pounds). Close 
examination of the photoelastic panel photogtaphs in Appendix 
A show that some non-uniformity in stress distribution does 
Mmomeaet Occur at low load levels, but is continually "pushed" 
into the corner regions of the test area as the applied load 
increases. 

There are several possible reasons for the variance from 
linearity at low load levels. Initially, when the jaws of 
the Riehle Testing Machine grip the clevis assemblies, some 
slippage may occur as the knurled jaw faces bite into the 
aluminum clevises. The slippage will give the appearance of 
less strain under the particular loading situation than there 
would otherwise be. 

A second reason for the non-linearity is the acual 
accuracy of the load measuring system at the low load levels. 
The Riehle Testing Machine employed has a load capacity of 
300,000 pounds, with a single adjustable load measurement 


system for the entire range of loads. Calibration data for 
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the load indicating system was not available for the range of 
loads encountered in this investigation. 

Slippage of the sample panel within the test frame would 
also yield results slightly different than ideal. 
Additionally, and initial stress loads resulting from the 
method of securing the panel in the "picture frame" would 
give rise to variations which would hecome less critical as 
the general state of stress of the panel was increased with 
increasing load. 

Another possible source of the variation from linearity 
is the unloaded geometric shape of the panel being tested. 

If the panel had a slight cutvature prior to being loaded in 
the test fixture, the initial application of load would tend 
to flatten the panel. Deformation would then occur at a 
higher rate than once the panel became planar. 

The buckling modes for all twenty-six panels were 
consistent with one another. In each case a vertical poem 
appeared, perpendicular to the direction of maximum com- 
pression. The buckles were observed to be confined to the 
test area of the panels, not extending into the area of the 
panel clamped into the test fixture. There was no apparent 
separation or stretching of the panel material in the 
compression corners, nor was there any scissoring of the 
panel material in the tension corners. The problems inherent 
in “picture frame" shear fixtures where panel test area 


corners do not coincide with the corner pivots of the test 


jak 


fixture seem to have been eliminated by the apparatus design 
employed in this investigation. 

All panels were tested in the same shear fixture with 
the same clevis assemblies. The shear fixture was assembjJed 
in precisely the same manner for each of the twenty-six test 
specimens. This further reduced the amount of error that 
could be expected when testing a sample population of this 


size. 


B. ASSESSMENT OF PANEL FAILURES 

As mentioned above, all buckling failures were of the 
same nature. In each case out of plane deformations were 
initiated by some mechanism. The means of starting the 
deformations could have been initial warping of the panel, 
asymmetric loading caused by slight misalignment of the 
Panel in the “picture frame", or asymmetry of the material 
Properties in the layup. This could have been caused by a 
bias in the direction of weave of the Kevlar/epoxy material, 
slight misalignment of the patch between the front and rear 
surfaces, misalignment of the weave direction in applying 
the patches, or slightly different amounts of adhesive or 
epoxy between front and back surfaces. Once the out of plane 
deformation began, the rate of change of the radius of 
curvature varied widely in the horizontal direction. This 
radical change in radius of curvature generated a-shear ina 


perpendicular direction to the plane of the panel. While 


We 


not significantly affecting the Kevlar/epoxy material, this 
shear had a dramatic effect on the Rohacell foam core 
material. At the point of shear failure of the foam core, 
the out of plane rigidity of the entire “mini-sandwich" skin 
system was drastically reduced, causing large scale buckling 
in the direction of maximum compression. 

It was significant to note that each of the twenty-six 
panels tested exceeded the limit shear flow requirements, 
indicating adequate shear flow could be transmitted by 
similarly sized and oriented panels when mounted onto an 
aircraft. Only unpatched holes greater than 1.00 inch 
diameter and the patched holes without filler plugs failed 
to meet the ultimate shear flow requirement. The out of 
plane rigidity of the “mini-sandwich" skin system would in 
fact increase with the curvature of the airframe design. 
Further criteria must therefore be considered in selection of 
the most advantageous repair technique. 

Ideally, any patch is desired to return the physical and 
mechanical] properties of a damaged item as closely as 
possible to the original, undamaged properties. Insufficient 
reinforcement by the patch results in a system which still 
has a weakness in the damaged and repaired area. Excessive 
reinforcement of the patch can result in OvVer—-Sti1§fenugo ee 
that area of the skin. Under normal operational loads, 


resistance of the excessively repaired region to strain 
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imparts additional stress to surrounding regions, potentially 
causing premature failure of the previously undamaged area. 

It was therefore decided that the prebuckling 
Gharacteristics of the repair most closely conform to the 
results obtained from the undamaged panels. In this regard, 
the slopes and the buckling loads of the maximum shear strain 
versus applied load curves were compared with respect to the 
Variations jn the four parameters. 

Hole size was found to have a profound impact on the 
test results. Repairs of smaller sized holes were found to 
conform more closely to the undamaged panels than repairs of 
larger sized holes. 

The amount of patch overlap had a significant effect as 
well, and tended to support the premise stated earlier of 
closely matching the patch to the surrounding material. In 
each case, the 0.50 inch overlap performed better than the 
0.25 inch overlap of the same type repair. Likewise, the 
92209 inch overlap performed better than the 0.75 inch 
overlap. This would suggest not only that an overlap of 0.75 
inches was excessive for the repair needed, but also that the 
best overlap size is largely independent of the hole diameter 
for the size repairs investigated. 

The selection of a filler material for the plug also 
had a marked effect. Clearly the use of no plug filler 
(Panels N, O, and P) resulted in significantly aes 


performance than the use of filler material. The properties 
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of panels with structural adhesive pluaqs were slightly more 
degraded than the properties of panels with Rohacell foam 
Plugs, though the differences were not of great proportion. 
The complication of delamination of the patch over the plug 
itself, however, remains. Additionally, use of the fluid 
structural adhesive would be limited to components which were 
either horizontally oriented or could be removed from the 
aircraft. Otherwise the adhesive would tend to flow out of 
the patch region under the effect Gf Gravity. 

The selection of a patch material had the significance 
of demonstrating that properties of panels repaired with 
fiberglass patches did not vary appreciably from those of 
panels repaired with Kevlar/epoxy patches. 

Figure 17 shows a summary of the limit shear flow 
Carrying capacity for each patched panel, based on hole sizZe. 
Figure 18 summarizes the ultimate shear flow carying capacity 


of the unrepaired holes as dependent upon hole size. 


C. ASSESSMENT OF POSTBUGK LING TESTS 

The inclusion of applied load versus total head 
displacement curves in Appendix C was intended to qualita- 
tively demonstrate the reduction in the energy absorbing 
capability of panels with increasingly larger holes cut 
from their centers. Additionally, it provides a source gem 
test data in the postbuckled regime for energy analysis of 


"“mini-sandwich" construction with Kevlar/epoxy and Rohace}]]. 
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Fig. 18. Effect of Hole Size on Shear Flow Carrying Capacquues 
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foam. The horizontal cracking of each of the panels with 
holes was restricted to the test area, eliminating any 

stress concentrations in the "picture frame" or loading tabs 
from consideration as sources for the cracking. Ignoring 

any data taken after failure induced by through bolt holes in 
Panels Y and 24 insures data was not skewed significantly by 
flaws inherent in the test procedure. Rather, it portrays 

a more accurate picture of the energy absorbing capability 


of the “mini-sandwich" skin. 
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Vil. -GONELUSTONe 


Whereas both Kevlar/epoxy and fiberglass patches applied 
over Rohacell foam plugs yielded approximately the same 
results, the use of Kevlar/epoxy patches by a field mainte- 
nance activity has serious drawbacks. It necessitates that a 
method for curing the KevjJar/epoxy patches under temperature 
and pressure be available. While use of heating elements and 
pads would achieve the requisite temperatures for curing, a 
practical method for maintaining pressure on the patch is 
lacking. Even if a portable press were developed, it would 
be necessary to have facings manufactured for the press to 
match every contour on the airframe. It is unrealistic for 
a field maintenance activity to support such a repair method. 

Fiberglass patches, on the other hand, provide consider- 
able advantages. Fiberglass fabric is easily shaped to fit 
any contour that would be encountered on the airframe. 

EA-956 structural adhesive has a pot life of approx imareus 
thirty minutes at room temperature, and completely cures at 
150-200 degrees Fahrenheit in one hour (at room temperature 
it reaches 75 percent of its maximum strength in twenty-four 
hours), making it a good choice for use in field repairs. 
Fiberglass and EA-955 structura] adhesive are inexpensive, and 
readily available, and require no special storage require- 


ments except for prolonged periods in areas of elevated 


fic 


temperatures. NRohacell 7IWF also is easily handled and 
stored, readily available, and fairly inexpensive. 

For the above mentioned reasons, the recommended field 
repair technique for holes up to five inches in diameter is 
outlined below. 

Step 1: Cut smooth, circular hole around damaged area. 


Step 2: Recess foam core 0.125 inches around 
circumference of hole. 


Seep 3s: Cut Gircular disk of Rohacell 71WF material, 
and sand to fit tightly into hole. 


Step 4: Clean disk and hole. 


Step 5: Fill recessed area with EA-956 structural 
adhesive. 


Beep 6: Insert disk into hole and apply heat from 
hand held heating gun until adhesive hardens 
(about ten minutes). 


Step 7: Sand both sides of disk even with surrounding 
skin and clean. 


Step 8: Cut circular piece of fiberglass fabric with 
ieee radius Iy2einch larger than hole radius. 


Seep 2: Apply thin coat of EA-956 to one side of plug 
and area within 1/2 inch of plug. 


Step 10: Center fiberglass material over foam plug and 
tamp lightly to saturate completely. Insure to 
align weave pattern of patch to surrounding 
material. 


Step ll: Apply EA-956 as required to saturate 
fiberglass fabric and create smooth surface. 


Step 12: Apply heat until hardened (about ten minutes). 


Step 13: Repeat Steps 8 through 12 for remaining side. 
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VIII. RECOMMENDATIONS 


A finite element analysis should be performed to examine 
the effectiveness of finite element models to predict 
buckling failures of laminated sturctures where failure 
criteria of included lamina vary greatly, as in the case of 
“mini-sandwich”" material. 

Conduct fatigue testing of the various repair methods 
to see if significant differences from static shear testing 
result. 

Conduct environmental tests to determine the effects of 
humidity, temperature cycling, ultra-violet radiation and 
corrosive agents on various repair techniques. 

Design and construct larger shear testing fixture to 
investigate the effects of holes of larger size than five 


“inch diameter. 
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APPENDIX A 


PHOmeGckAPHSmOr se HOrORDASELeG TEST PANEL 





This appendix contains photographs of a test panel 
constructed of photoelastic material and loaded incrementally 
until failure. The process used for taking the photographs 
was a reflective process. A polarized light was shown 
against the panel, which had been coated on the opposite side 
with reflective aluminized paint. The reflected light was 
photographed through a polariscope, as depicted below. The 


results for successive loads are shown in the following 
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Apparatus for Photographing Photoelastic Test Panel 
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